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SOLMNEQ: Solution-Mineral Equilibrium Computationsl

Yousif K. Kharaka2
University of California, Berkeley

and

Ivan Barnmes
U.S. Geological Survey

ABSTRACT

SOLMNEQ is a computer program written in PL/I for the
IBM 360 computers. SOLMNEQ computes the equilibrium distri-
bution of 162 inorganic aqueous species generally present in
natural waters over the temperature range of 0° to 350°C from
the reported chemical analyses, temperature, pH, and Eh -
(optional). Interpolated dissociation constants of the
aqueous complexes and the computed activity coefficients are
also used in’these computationé. States of reactions of the
aqueous solutions with respect to 158 solid phases (minerals)
are computed from the distribution of aqueous species and an
internally consistent set of thermodynamic data. Ionic pro-

portions and subsurface temperature estimates are computed.

lThi.s research was sponsored by the U.S. Geological Survey, Department
of the Interior, under U.S.G.S. Grant No. 14-08-0001G-45. F.A.F.

Berry, principal investigator.

2Headquarters at U.S. Geological Survey, Menlo Park, California.




INTRODUCTION

Analyses of states of chemical reaction have been made using
2quilibrium models (Helgeson and others, 1970; Truesdell, 1973) and
models that include departures from equilibrium (Pafes, 1968, 1971;
Barnes and Clarke, 1969; A. H. Truesdell and B. F. Jones, unpub. dataﬁ
The present program, incorporating elements from the earlier cited
work, has been expanded to include all inorganic species of major and
minor elements generélly present in natural waters for which
thermodynamic data are available.

SOLMNEQ computes the equilibrium distribution of 162 chemical
species in aqueous solution over the temperature range of 0° to 350°C
from the properties of the solution and an internally consistent set
of thermodynamic data. States of reaction of the aqueous solutions
with respect to 158 solid phases (minerals) are also computed.

Uncertainties involved in computations carried out in SOLMNEQ
and similar computer programs should be recognized at the outset.
Major uncertainties may be imposed by the amount and quality of the
thermodynamic and other data available in published litera&ure for
the computations of equilibrium constants (K). The uncertainties in
the thermodynamic functions depend on the rate and reversibility of
the reactions involved. The more rapidly, completely, and reversibly
a phase reaets, the less error is to be expected in its thermodynamic

functions.

1972).



Usefulness of the data analysis is limited also by the complete-
ness and reliability of the reported chemical analysis of the water.
Many chemical analyses are limited to the major cations and anioms.
Uncertainties are imposed by the method of sample collection and
treatment and method of analysis (Chave, 1960; Rainwater and Thatcher,
1960; White, 1965; Barnes and others, 196%9). An important limitation
of many chemical analyses is the extrapolation of the determined pH to
the in situ pH of the sample, especially in the case of subsurface
water samples. The pH of the sample may change from variations in
partial pressures of the gases present (CO2, H,S, and others), from
precipitation of solid phases (for example, CaC0g4, SrCO3), and from
reactions of aqueous species produced by changes in the temperature
and pressure of the sample. An additional limitation of the data
analysis applies to studies of aluminosilicate minerals and minerals
containing trace elements. Results of analyses for aluminum in
solution in the literature are suspect because of the lack of a
sufficiently sensitive analytical method. Trace element analyses are
particularly subject to errors from insensitive procedures, sample
contamination, and losses during storage and manipulation.

Assumptions used in the calculation of the activity coefficients
of the aqueous species and in limiting minerals to end member
compositions introduce errors, but generally these errors are minor

compared to those mentioned above.




METHOD OF COMPUTATION

SOLMNEQ treats mostly mass action reactions; however, there is an

option to calculate the molalities (m) of Fe+3, Cu++, Hg++, and Mn*'
using electron transfer reactions involving the measured Eh of the

aqueous sample. The formal reactions used for the minerals (table 1)

. arc for the complete reactions; no incongruent reactions are used.

For albite, for example, the reaction is:

3

At e 3H,5i0

NaAlSi.O. + 4H'T + UH_ O = Na

30g 5 (1)

l+ .
Activities
The activities (a) of solid phases are taken as unity at all

temperatures. The activity of H,0 is computed from the equation

(arrels and Christ, 1965, p. 65)

| aH20 =1 - 0.0}7 g mg (2)
ithe summatign covering the molalities (mi) of all the species in
solution.

The activities of the aqueous species are computed from:
{
‘ a, = my. (3)

i i'i

wheie Y is :the activity coefficient of species i. The standard state

adopted for the aqueous species is a hypothetical 1 molal solution at

. 1 atmosphere and at any temperature.




Table }.--List of the aqucous comploxes and minerals used in SOLMNEQ. The

sourze of data for the log (kT) values of the riven reactions is indicated.

COMPUTER NO. AND NAME REACTION SOURCE OF DATA®
A - AQUEOUS COMPLEXES
1. HCO3-1 Hcoy = coj” + H' (3)
2. KH20 Hy0 <= OH +u" Fisher and Barnes (1972)
3. HuSIOH HySi0, — Hisiop + HY Cobble (1964)
4. CLt2 cutt oy vttt I et o4 ope*? K (1)
5. FE+3 Fe' + 30 4 usT = et 4 Lsop 4 24" K (1)
6. HG+2 2mg" 2 Fe™t T mglt 4+ 2re®? K (1) -
7. MN+3 Motd ket Z owatt 4 e K (1) .
3. AS(OH)u- As(OI), = As(OH), + OH D (1)
9. Blank
io. H25 AQ H,S < HST + H' (¢}
11. ALF+2 arrfe = omti L D (3)
12, ALF2+1 arr,t & At or” b (3)
13. ALF3 AlF; — A1%3 4 3F” D (3)
14, ALFu- piF, = m1t3 4w D (3)
15.  AL(OH)+2 FSYE PR S L (v .
16.  AL(OH)2+ al(oH),t = a1*e ¢ oon” (25) Hem and Robarson (1967)
17. AL(OH)u- AL(C)E = A1%3 4 uon™ Helgeson ('1971c)
18.  AL(SON)+ arso)t = a1td 4 sor” D (3)
19.  ALSOM)2- BL(S0,); — A1™3 4 2s0;” D (3) .
20. AGCL AgCl = agt + ol w '
21, AGCL2- agcl; — agh o+ 2017 (1
22.  AGCL3-2 agc1y” = agh o+ acr” (1)’
23.  AGCLY-3 ArC1nd = agt o+ wer” o8}
2u.  AG(SOM)- Az(50:) = agh + s0p” D (l‘s)
25. AGSO42-3 Az(S032 = agh + 2805 0)
26. BACO3AQ Baco; — Ba't + o3 Kharaka and Merino (unpub. data, 1971)°
27. BAHCOO)+ batir: Y = Ba™ + neo3 Kharaka and Merino (unpub. data, 197:)°
28.  BA(OH)+2 vt = osatt e on” D (3) '
29.. BAS04 AQ peso, = Ba't 4 ooy Kharaka and Merino (unpub. data, 1971Y
30. CACU3 AQ caco; — ca't + 0oy 1)
31.  CAHCO3)+ cancel = ca't + Heod D (Lafon, 1969)
32. CA(OH)+ catondt a4 oo PATHI, Helgeson and others (1970)
33. CAPO4- caroy < ca*' + pop3 Chughtai and others (1962)
ay.  CAHIua T et ,{ Ao Chughtai and others (1968)
15, CANDIu+ caror ot E et e e Chuphitai ond others (1968)

Sy
Lo

-t



Table l.--List of the aquecus complixzes and minerals used in SOIMIEQ. The source

of data for the log (KT) values of the yiven reactions is indicated--Continued

COMPUTER NO. AND NAME REACTION SOURCE OF DATA
36. CASYM AQ caso, — ca*t + soy” (1)
37. CWL cucl = ct " ' (0)
8. cuCl2- cuel; = cut+o2e1” ﬁ (1)
39. CUcL3-2 cucly” = cut o+ 301" ’ (1)
40. CJUCL+l cuclt &= cutt s ar” ($8)
41, CucL2 cucl, = cu't 4 2c” (1)
42. CUCL3-1 cucl; — cutto4oac1” (1)
43. CUCL4-2 cucly” = cutt 4 ower” ' N ¢
44, CU(OH)+1- cutom)t & ™+ on”  (25) siién and Martell (1964)
45. CU=O4AQ cuso, — cutt + s0;” D (3)
46. FECL#1 rectt T-rett 401 0)
47. FESL2 FeCl, — re ™"+ 2017 0)
4. FEL3-1 Fecl; — Fret™=4 301" i )
ug, FECL4-2 FeCly” — re'™ + uc1l” : 0)
50. FE(OH)+1 < Fe(on)' T re't+on D (1)
s1. Fo(OH)2 Fe(OH), — Fe't + 208 (25) Langmuir (1969)
€2, FIOOH-1 Fenor” + 31" = re™ 4 20,0 . (25) )
53. FLSO4 Feso, — re't + 505" D ()
5S4, FLOL#2 recitt = re™? 4 c1” (¢))
55. FUCL2+1 _ Fec1} T re*? 42017 1)
56. FIL3 reCly; «— re'3 + 3c1” ' 8]
57. FuCLb-1 FeCly = Fe'3 4+ uc1” )
58. TESOu+l | Fesoy — Fe'3 4 s0y” D (3)
59, TESOM)2- Fe(S04)7 — Fe'3 +250, ) (25) (%)
60. TE(OH)+2 Fe(om)™ = re’? 4 oon” (0
€1. FL(OH)2+ Fe(om)y = re*d + 200” (25) (%)
62. FE(OH)3 Fe(CH); < Fe'd 4+ o™  (25) Langmuir (1969)
63. FI(OH)u~- Fe(0oH), <« Fe™3 4+ uoi™ . (25) Langmuir (1969)
4. Eu(BOM)- Hy(BOy) = H3BO3 + OH . Mesmer land others (1972)
65. PRiank ;
66. 135104 )- H3Si0p = H.sion” +H' : 3)
67. HAS(OH)4 HAS(OF), <= As(OH)y + HY ' D (1)
68. HASOHS-2 HAs(0i)g~ = As(Om)gd 4 K' D (1)
69. H2ZASOHS-- HpAs(Gh)y <= As(OH)33 « 2n* : D (1)
70.  H3AS(OHE HaAs(GH)g <2 As(oig? + 3n* D (1)



Taile l.--Lint of the aquecus complexes and minerals used in SOLMNLQ. The source

of data for the log (KT) values of the given reactions is indicated--Continued

COMPUTER NO. AND NAMC REACTION SOURCE OF DATA
71. HF HE — H + F (3)
R CL
72. H2C03 HpCO3 <— HCO3 + H (3)
73. HPOu-2 Hpo;~ = pogd + Ht (3)
- ~__A - +
74, H2POu-1 HoPO, ~— HFO, + H . (3)
- 4 -- R
75. HS-1 HS ~ H + S Ellis and Giggenbach (1971)
76. HSHu-1 HSO, — H' + s0y” 3)
7 = ~ 4wt
7. HNO, HNO; <« NOg +H (3)
78, HGCL+L Hgeit = g™t 01 D (1)
79. H3CL2 HgCl, < Hg'™ + 2c1” . D (1)
- - +4 -
80, HGCL3-1 HgCL3 < Hg' ' + 3c1 p (1)
N —— — ++ -
81. HGCLY-2 HgCly, «— Hg + 4Cl D (1)
82. HGSOL HgS0, = Hg'' + soy” (25) ()
83. HCSH2S)2 HgS(H,S), + H' = Hg'' + 2HyS + HS™ D (Barnes and others, 1967)
84, HG(kS5)3- Hg(HS); = g™ + 3us” ) (25) (Barnes snd others, 1967)
85. HGSnS2-2 HgS(HS); + W' = Hg'' + 3us” (25) (Barnes and others, 1967)
86. KCL k1 = xt+ocr” ’ Truesdell and Jones (unpub. data, 1972)
87. HGS%-2 I-lgS,-,- + 2nt = HgH- + 2HS” (25) Barnes and others, 1967)
88.  KISOM kso, — x* + Hsop )
89, KSO4-1 xsop — x' & soi” Truesdell and Jones (unpub. data, 1972)
- + -
90. KHPOu-1 KHPO, ~— K + HPO (0)
. N —_— -+ - P
91. LI(OH) Li(OH) <— Li 40K Sillén and Martell (1964)
92, LI(S0u4)- Li(s0,)” = wLi*+sop” (25) Sillén and Martell (1964) *
93,  MGCU3AQ Mgco; — wmgtt 4 coy” D (Lafon, 1969)
9.  MGHCO3)+ Mg(Hco3)T = Mgt 4 neo; D (Lafon, 1969)
95. M3F 1 Mgt = mg*t 4 P D (3)
96. MGIUH)+1 ngeor)t = Mgt o+ o (V)
97. KG3UMAQ Meso, — 't o+ son” 1)
98. KG(POU)- Mg(P0y)~ — mMg't + pO;3 Childs (1970); Chughtai and others (1368)
89, MGHPOu ¥eHPO, <= Mg't + HPO~ Childs (1970); Chughtai and others (19€8)
100.  MGH2POU+ Mg (HaFOo )Y = wgtt 4 wypo; Childs (1970); Chughtai and others (1968)
101. MNCL+1 mnc1t =t 4+ c1” 0
102, MNCL2 MnCl, = w4 2017 . (25) (4)
103. MuCcL3-1 MnCcl3y = ko't 4 acy” (25) )
106,  MNCI4-2 Mncly” = o't w1 )
105, MHCO3+1 racot 7T omatt 4 omeod ‘ (0)



Table 1.--Lis1 of the aqueous compli xeo and minerals used in SOLMNLY.

The source

of data for the 1oc (KT) valued. of the given reactions is indicated--Continued

COMPUTER NO. AND NAME

REACTION

SOURCE OF DATA

106.
107.
108

108,

113,
114,
.15,
116.
117.

118.

119.
120.
121.

122.

125,
126.
127,
128.
129,

130.

139,

MNSOLAQ
MNCL+2
MNCL2+1
MNCL3
NACL
NACO3-1
NAHCO3
NA2CO3AQ
NA2304AQ
NASQu-1
NAHPO4-1
Blank

NHUOH

NH4PO4=-2
NH4504)-
PBCL+1
PBCL2
PBCL3-1
PBCLL-2
PBSO4 AQ
PBSO42-2
SR(OH)-1
SRCO3 AQ
SRHCO3)+
SRSO4 AQ
ZNCL+1
ZNCL2
ZKCL3-1
ZNCLY-2
ZNSO4 AQ
ASOH)8-3

Blank

ACMITE
AG
AG2S A
AGCI.

ADULARIA

—_—
Mnzo, — Mn't

+ 50,
Mn(:.l“> = Hn+3 + €17
Mncly == un*3 4+ 201°
MnCl; = Mn*? 4 3c1”

NaCcl = WNat + 1"

- — + -
NaCO03 «— Na "+ CO3
. — + -
NaHCO; — Na© + HCOZ
NaC03 = 2vat + co3”
Na;50, — 2Nat + 5037
NaSOp — Na' + son
— + -
NaHPO, = Na' + HPO

— + -
NH,OH <— NH{ + OH

NH,(PO,)" = NHP + POR3
- - + -
NHJ,(SOQ) <— NH, + SO4

b1t 2 mtt oy c1”

PbC1, &Mf + 2017
Prcl; = s
rbe1n” = mtt o4 uel”
PbsO, — Pb't + s0u”
Pb(S04),” = 't o+ 2s07”
sr(oH)” = sett 4 on”

srco; — srtt 4 coy”

se(ico)t = s 4+ neo

Srs0, — Sr'' + S0y
zoclt = zo™ s cl”
ZnCl, = zn't 4+ 2017
zncly — zu't 4+ 301

++

zncly” = za*7 + w1’

Zns0, — zo't 4 sop

as(om)g3 + 2ke’t I As(owd + 2re’d 4 40w T

y
P - 50LLD PHASLS

NaFe(s10,) 4 x4+ 2005 1t 4wt

2
+

A3
Ag ©) + le z Ag
+ . -
Agzsm : ;',ﬂy,4 + HS
AgCL > Ayt 4 ot

4
“3 -/ A -
KALSE 308 LT 4!(20 z

+ Fi:" ¢

D (1)
(0)
(0)
(0)

Truesdell and Jones (unpub. data, 1972)

D (Lafon, 1969)

(25) Lafon (1989)

(25) Garrels and Christ (1965)

(0)

p(Lafon, 1959)

(0)

Wright and others (1961)

Kharaka

(0)
(0)
D (1)
D (1)
D (1)
D (1)
(0)
(0)
D (3)

and Merino (unpub. data, 1971)2

Kharaka and Merino (unpub. data, 1971)2

Kharaka

and Merino (unpub. data, 1071)?
(1)
(L
¢0)
$))
(68
D (1)

(0)

K(1)
k()
K(1)

K(1)





















Table 1.--L

ist of the aqueous complexes and minerals used in SOLMULQ.

The source

of data for the lop (KT) values of the given reactions is indicated--Continued

COviPUTER NO. AND HKAME

REACTION

SOURCE OF DATA

143,
144,
145.

146.

148.
149,
150.
151.
152.
153.
154,

155.

157.
158.
159,
160,
161.
162,
163.
164,
165.
166.
167.
168.
169.
170.
171.
172.
173.
174.
175.
176.
177.
178.
179.
180.

181.

AKERMAL

ALBITF L
ALBITE H
ALUNITE

ANALCIME
ANDALUSI
ANHYDRIT
ANNITE

APATCHLR
APATEF LUR
APATHYDX
ARAGONIT
BARLTE

BINT.TE
BOEHMITE
BORNITE

BRUCITE

CAOLTME
CA{OH) 2
CA3
CELESTIT
HALCEDN
CHLOR MG
CRYSOCOL
CRYSOTIL
€ NNABAR
CINARMET
CLINENST
"LINPTIL
CORUNDUM
CRISTOBA
CRISTOBB
cu

Cu20
Lu2s

CUSFESE

Caz MgSi

)
aAlSi3

haAlSi3

+
207 + 6H + H20

4
08 + 4H + AHZO

4
08 + 4H + 4H20

Kal4(s0,), (0H)

NaA151206 5
ALSt0, + 6u*
CaSOh
KFeaAlSi3010(0H)2
Cag (PO, ),C1
CaS(POA)BF
Cag(P0,), OH
Caco3
BasSo

4
AlooH + 31"
+
Cug FeS, + 4H
Mg (01,
Ca(‘o,_l
CaCl2
cao + 2u"
Ca (oK),
Cas + H'
SrSOA

3102 + ZHZO

Mg AL,S1,0, (OH)g + 165"

+
Cu5103.2H20 + 2H

MgJSiZOS(OH)L + et

*H,0 + AH+

+ 108"

+ 1) 1 1 4y

ot

o K"+ drett 4 art

1L 1L 4 1y 1

R IR IR TR 2 [ R PR AR AR

— sugtt 4 m*t

2ca™ + ug™ + 21,510

Nat + a3

47774
+ 3H43106

Na’ + a1*? + 3w 510

4

K+ 3413

H0 = Nat + a1t
2 -

2a1%3

+ H“Sio

+ 250, + 6(0H)”

3
+ ZH“S!OA

4 + azo

ca™ + 50,7

4

sca™ + 3P0“-

5Ca++

++

5ca’ + 3ro,”

catt 1 co,

3

++
Ba 4+ SOA

Al*3 + 2H20

'5Cu+ + Fe+

+

+ 3?04

3
+ SHASLOA

3 san

3.5

3 -
4 + OH

+ 4HS™

Mg =+ 20H

catt + co,

catt + 201~

++
Ca” + uzo

catt 4+ 200"

ca™ + us”

HASiOA

-~

—
—
+
HgsS + H -
HgS + ' —
+
Mgsi0, + 2H' + H,0 -
I . +
NajAL,S1,0, 0+6H,0 + BHY+4H,0
N +
A1,0, + 61 —
10,  + 2H,0 =
10,  + 2H,0 —
cu  + Fetd —
=
cuy0 + 2" —
2 -~
Cu,s + it —

o4
i 26
CJchdﬁ + 6H

JN

1

3

519,
++
™+ wS10, +u0
++
wg"" + 28,510, + 1,0
wg't o+ us”
ug't + us”
-‘

4

— ona+ 2417
=

+3

-+
Mg + H SiOA

3
+ 7“45104

2417 4 3H,0

KASiOA
“55104
C

2cut 4 Hy

2cut 4+ Hs”

u+ + Fe++

0.

2

scott & Fe™ 4 ehs”

v R

Cu 1 Fe

4=«
Cu + s Fe

9

Iy

4+ 2us”

+ 3Hs™

+ 3H,S10, + 6H,0

K (2)
k(1)
k(1)
K (Hemley and others, 1969)
K Q)
K(1)
K(1)
K (Dick Beane, oral commun., 1972)
Truesdell & Jones (unpub. data, 1972)
K(3)
K(2)
K(1)
K(2)

K(1)
k(1)
K(Q1)
K(1)
K(1)
k(1)
k(1)
k(1)
k()
Fournier (1973)
K (Zen, 1972)
o) -
- K1)
K1)
k(1)
k()
(0)
K(1)
Fournier and Rowe (1962)
Fournier (1373)
K(1)
k(1)
K(1)
)
K(1)
(0)



Table 1l.--List of the aqueous complexes and minerals used in SOLMNEQ. The source

of data for the log (KT) values of the given reactions is indicated--Continued

COMPUTER NO. AND NAME BEACTION : SOURCE OF DATA
183. cuo cud + 21" - cu™ 4o k(1)
- -
184. cUS cys + H = o ans . K(1)
’ + ++ ’ .
185. CUMMINGT Fe,5150,,(0H), + 14H + 8H,0 —~ 7Fe  + 8H,510, ' ({0}
. + +3 ‘
186. DICKITE Al,51,0,(0H), + 6H = 28177 4 2H,510, + H,0 K@)
187. DIOPSLDE CaMgsi,0¢ + 4H' + 20,0 =~ ca't + g™ 4 2 810, K(1)
188. DOLOMATE caMg(C0,), = caT " + 2c0,™" K(Lafon , 1969)
ary s + ++ .
189. ENSTAT(T Mgsi0, + 2H' + K0 = Mg" 4 1m0, ‘ ©)
190. ERIONITE CaNaAl 5150, -9H,0 + 128" + 36,0 = ca™ + na* + 3m1™* + on,510, o))
191. FAYALITE Fe,Si0, + 4H' — 2re*t 4 4,510 K(1)
"2 4 -~ 4" 4
192. FEASS ()
193. FECLZ Fecl, - re't 4 2017 K1)
=
194. FECL3 Fecl, -~ re" 4 301” k(1)
=
185. FECO3 FeCO ¥ -~ TFe @ +CO, K(1)
3 ~ 3
196. FEO Feo + 26" -~ rFe T 4 up0 : k()
= 2
197. FE203LEM Fe,0, + 60" —~ 2re™ + 310 KQ)
273 -~ - 2
198. FE203MCH Fe 0, + 61" = 2re™ 4+ 31,0 (25) Langmuir (1969)
-
199, FR306 Fe.0, + su' — ore® 4 ret 4 uno K(1)
b PR -~ 2
200.  FEOH, 3AM Fe(OH), = ¥e*d 4+ 300 K(2)
201. FES2PYR 4FeS. + 4H,0 — 4Fe™ 4+ 7us” + 50,7 4wt K(1)
2 2 ~ 4
202. FESTROLT Fes + H' = Fe't 4 us” K(1)
203. FESHAKIN Fes + K' = re't 4 us” ' )
. + 4
204. FORSTERI Mg,S10, + 4H = Mg+ HS10, K(1)
205. FLUORIZE CaF, = ca't 4 2F : K(1)
206. GOETHITE FeooH + 3H' = Fe’3 4 2H,0 X (Laugmuir, 1971)
207. GIBBS AM AL (), = a1* 4+ 3087 CK(3)
208. GIBBS & AL(OH) -~ a* 4 300 k(1)
-~
209. GREEMALI Fe,1,0,(00), +6H" =~ 3rett 42 B,S10, + H,0 (25) Truesdell & Jones fmpub. data,1972)
-
210. GREIGITE Fe, S, + st — 2pe*3 + Fe' 4 4us” (25) Berner (1967)
- _
211, GYPSUM caso[‘ 21,0 > Ca + 50, + 24,0 K(2)
+ -
212. HALITE NaCl = Na + Cl . K(1)
. + +3 )
213. HALLOYSI A1251205 ("“7:. + 6H = 1t 4+ Zu.,.sma + Hy0 . K(1)
214. HEULANLI CaAl,$1,0 o-61,0 + 8H' + 4H,0 —~ ca'' + 7H, 510, + 2413 ©)
215. HGo Hgo + 24" =~ gt + Hy0 K1)
216. HUNTIT Caits, (CO,), = cat o+ 3ug™ o+ dco,T k(1)
) 1y e £ ++ o T 1y
217. HYDRMAGN Mg, ((.u3)3(0h)? 31,0 = Mg+ 3<.03 + 2(0d)” + 31120 (25) Langmuir (1965)
¢ + - U ugtt +3 4 3.5H,840 X(1
2i8. ILLITE K M8 y5hly 3S1y (0,0 (0, + 8 + 20,0 > 0.6K" +0.25 ug™" + 2.3 A1 3.5H,810, ¢8)
. . + ¥
219.  KAOLINIT AL,S5,0, (0H), + 6H T AU 4 20, 5E0, + Hp0 - K1)

10



Table l.--List of the aquecus complexes and minerals used in SOLMNEQ. The source

of data for the log (¥T) values cf the given reactions is indicated--Continued

COMPUTER NO. AND NAME REACTION SOURCE OF DATA
. + +
220.  KENYAITE NaSi| 0,0 s(OH),3H0 + H' + 16.5H,0 — Na' + 11,10, (25) Bricker (1969)
121, KYASITE AL,S10, + et —  2a1™? 4w 510, + K0 KQ1)
= 510, + Hy
222. K20 K0 + 2u* —~ 2" + 1,0 K1)
. = 2
223. LARNITE Ca,510, 4 4u* = xat H,510, KQ)
224. LAUMNYIT Cadl,si0,0 -4H,0 + 80" — ca™t 4+ 2a1% 4 4n,si0 K (Zen, 1972)
2 4712 2 -~ 4 4
225. LEUCIZE KAl §1,0, + 48 + 2 HO = K+ art? s 2u, 840, K(1)
- ) . ++ + -
225. LEONITE Mgsol.KZSOA 6H20 ; Mg + 2K + ZSOA + 411‘120 (0)
227. MAGAMTE NaSi_ 0 »(OH) * 3H,0 + H"’ + 9H,0 — Na+ + 7H,S5i0 (25) Bricker (1969)
77130857 SHy p A 5,510,
228. MAGNESIT MgCo, = g+ o, k(1)
-~ 3
: ++ - -
22¢. MALACHIT - Cu,C0, (08), = 2™+ co, 7T + 20 K(3)
230, MARIALIT (NaA1S1,05),°NaCl + 120t + 12H,0 = wat o+ am* s 9H,S10, + C1~  PATHI, Helgeson and others(1370)
231. MEIONITE (CaAl,51,08), - CaCOy + 24H' = 4Ca’' + 6a1*3 + 6H,s10, + co,”” ©)
pr— 4777 3
\J - i + ’H H
232. MERWINIT | Ca MgSi0p + 8H = 3ca +Mgh 4 2m510, K(1)
233. MoCL2 MgCl, o> gt ea” K(1)
234. MGFE204 MgFe,0, + g’ ~ Mg™ +2re?d 4 amo K(1)
4 = 2
235. MGOPEFIC Mg0 + 2ut = Mgt + H,0 K(1)
236. MICROCLN KALSi, 0, + 4H'+4H,0 — &4+t 4 oamsio k(1)
3738 2 ~— ) 1,.
237. MIRABILT %a,S0, < 174,0 = 29 + 50,77 + 1000 K(4)
238. MNCL2 MnCl, — K(1)
239, MNCO3 MnCO —~ w4 co, K(1)
3 -~ 3
240. MNO Mo + 2H" = Mt 1,0 k(1) _
241, MNO2 Ma0, + 4u* + ua*t = 2P 41ompo PATHI, Helgeson and others(1370)
242. MNS Mos + HY — mntt o+ usT R(Q1)
-243. MONTICEL Cadgsi0, + 4" = @4 wett 4 H,510, X(1)
. ] + - ++ +3
244, HOKTCA Ca 1 c7AL, 33515 67010(0M), + 7.324 K + 2.678 H,0 == 267 Ca”' +2.33 7> + 3.67 H;510, K(D)
; : + + +3
245, MONT & K 3341, 34515 ¢7010(0H), +7.32 H' + 2.68 10 > .33k™+2.33 1™ + 3.67 B,510, K(1)
. . + s ++ +3
246, MONT M& Mg | ALy 4oSL. (0 (OH), + 7.324 H'42.678 B0 = .167 Mg’ + 2.33 A" + 3.67 H,510, k()
. . + + ]
247. MONLNA Na g,AL, 151, (00, (OH), + 7.324 K + 2.678 H,0 == .33 Na' + 2.33 A1"° + 3.67 H,510, k(1)
248. MONTCANA . (0)
249. MONTSEAW . . (0)
250. MORDENIT CaAl Si, 0., *7H,0 + 8H" + 90,0 = ca’" + 261%2 + 100,510 (0)
sl 2110724 "2 27 & 4510,
. . . + + +3 . .
251. MUSCOVIT K a1,81,0 (oK), + 100" = &+ 3™ + 3m 510, K (Zen, 1972)
252. NA20 Na0 + 21" — 2N+ H,0 K(1)
-— 2
253. Na2Su4 Na, S0, - nat 4 s0, " K(1)
254,  NAHGOLIT NaliCo, —  Nat-+ meco,” : K(3)
: = 3
255. NATRON Na,CO,-101,0 — 2wt o+ €0, + 1000 K(3)
2773 2 - 3 2
256. HATRTHRH Na., (0. "H, 0 B S P TP K(3)
273 2 -~ 3 . 2
257.  NEPRELIN HeA) 510, 4 st = wm e a4 1,510, K(2)
256, NE3GUNON gD 3040 = e o, e a0 K(3)
1
259, MCULIAY (0)

200, o, ll



Table l.--List of the aqueons complexes and minerals used in SOLMNEQ. The cource

of data fo~ the log (K1) values of the given reactions is indicated--Continued

UTER KO. AND NAME REACTION SOURCE OF DATA
261, PBCL2 PbCl, — pp*te2 1" K(1)
=
262, PBCG3 PbCO — " 4o, k(1)
3 ~ 3
263. PBCLITHR PbO + 2" = mr4 H,0 KQ)
264. PEOMASIC PO + 24" =~ a0 RQ1)
265. PBS pbs + H' = " 4 nus” kQ)
266. PRSO4 PLSO —~ ™+ 50" k()
- 4 -~ 4
267. PUILLIPS Na K (ALS,0.°H,0 + wt o4 34,0 a4 skt 4+ At e 34,$10,  (25)Truesdell & Jones (unpub. data, 1972)
+ + + +3 -
268. PHLOGPTF K Mgy AISE30 0 F, + 88 + 20,0 = &+ aMg"" + A% 4 3n 510, + 2F K(2)
+ ++ +3 ’
269. PLAG(AN) CaAl,S1,0, + 8K = ca 4 241" 4 2 810, k(1)
, + - +3
270. PREHNITE Ca2M2513010(ou)2+ 10 H = 2Ca’ + 2A177 + 34,510, K(2)
+ +3
271. PYROPHYL AL,51,0, (OH), + 6H" + 4,0 = 20" + 4x 510, K (Zen, 1972)
272, qQuarIZ $i0, + 21,0 = KSi0), Morey and others (1362)
273. SANADNHI KAlSi.0, + 4H% + 40 — "+ a1t + an 510 K(1)
3% 2 = 4519,
. + ++ . PATHI, Helgeson and others (:973)
274. SEPIOLIT Mg,$1,05°21,0 + 46 + 20,0 > g™ + 3510, N
275, SILICAAM $10, + 2H,0 T ysiog ) K1)
276.  SILICGEL $10, + 2H,0 —~ 3 5si0 Fournier (1973)
2 2 = H,519,
277.  STLI BMAN Al si0. + 6H ~ 20% L w810 4 w0 k(1) )
2 k) - 4 4 2
278, SPINEL MgAL,0, + 8H' =~ w2t s 440 K(1)
-~
27¢.  SRCO3 srco - st 4o, K(2)
3 ~ 3
280. STRENGIT FePO, - 2H,0 = 7t 4y po,3 4 20 K(3)
2 = 4 2
241,  SYLVITE KC1 = K+’ k(1)
. o+ ++
282. TALC Mgy55,0,,(0H), + 61 + 4H)0 = g™ + 4m 510, k(1)
; g e < + ++ ++
133, TRRMLIT CayMggS1g0,, (ON), + L4H' + 8H,0 = 2ca"" + SHg' ' + 8M,510, | K(1)
284, TRONA Na, CO,NaHCQ, <2H,0 —~ 3Na* + HCO,” 4+ CO,TT + 2H0 (25)Truesdell £ Jones (unpub. data, .972)
2773 3 2 ~— 3 3 2
285. WAIRAKIT CaAl.Si 0,.-2H.0 + 8H" + 20,0 =~ ca™ 4+ 241" + 4n, 510 K (Zen, 1972)
251,015 24, p Ao 5510,
286. WITHERIT BaCO - 87+ co,” K(1)
3 -~ . 3
287. WATLLOSTO Casi0, + 28" + H.0 =~ ¢t 4 g s10 k(1)
3 2 = 4,510,
288.  ZNCu3 ZnCo -~ za™ 4 co,”” K(1)
3 < 3
289. o 200 + 26" = ="+ 80 k(1)
290.  zns zas + bh -~ z*t 4 oug” K(1)
-~
291, zxsch 2050, = 2" +50,7" - K(QL)
) -~
292. Z01SI1L Ca,Al.51.0. 00 + 13" = 20" 4 3?4 sus10, + 0 K (Zen, 1972)
273773712 -~ 4 4 2
293, VIVIANIT Fey(10,),"8H 0 = 3re 4 zpo,":’ + 81,0 (25) Nriagu (1972)
294. Blank
245. Blank

12
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Table 1.--Li~t of the aqueous corplexes and minevals used in SOLMNEQ. The source

of data for the log (KT) values of the given reactions is indicated--Continued

COMPUTER NO. aND NAME REACTION SOURCE OF DATA

C -~ OXIDATION-REDUCTICN REACTICN

296. FE2 TO FE3 rett = retda e K(1)
+ - cutt v e K(1)
297.  CUr %0 CUZ Cu =
298.  HC222HG2 g Y o aug™t 4 2e K(1)
2 -
299.  MN2 TO MN3 e K(1)
=

i (0) No data available; (1) Helgeson (1969). Log KT values were extrapolated and interpolated to temperatures of App. 2A. These
values were generally checked usirg DQUANT; (2) Robie and Waldbaum (1968); (3) Naumov and others (1971); (4) MBS Technical Note 270-3
and u (1968 and 1969); (25) log ¥T computed at 25°C and assumed constant at other temperatures; D(X) log KT values generated with
DQUANT (Helgeson, 1371b)}. Input cdata for DQUANT cbtained from reference (X); K(X) log KT values generated with KELYCCB (Helgeson,
1371a), Input data for KELYCOB obtained from reference (X). Conventional heat capacities for aqueous species were calculated from

aver..ge heat capacities (Cobble, 196u4; Helgeson, unpub. data).

? Estimated from correlation plots of electronegativities, and ionic radii of cations versus pK (Garrels and Christ, 1965). Tor
Srso“, AG°f from Lieser (1965), S° estimates from correlation plots (Helgeeon, 1969).

3 Log KT values for Mg-phosphate corplexes are equal to those of Ce (Ghughtai, 1263) but with variatiosns shown by Childs (2977)

at 51°C.

'“Log KT values for minerals were generated with KELYCOB. AH°f, S° for the minerals were generally obtained from Helgeson, 135%;
these values are generally similer to the values of Robie and Waldbaum (1968) and Naumov and cthers (1971). Cp power functions for

miuerals were obtained from Kelley (1960, or (3), or estimated (see text).
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Activity coefficients
In this program the activity coefficients (y) for the charged
aqueous species are computed using the B’ method (Lewis and Randall,

1961; Helgeson, 1969).

-A(T) vi /2
Log v.(T,I) = + B(T) I ()
* 1+ a%8(1) 1M/ | /
where
ag is the distance of the nearest approach of ions in
solution,

A(T) is a molal Debye-Hiickel coefficient at temperature T,

B(T) 1is a molal Debye-Htickel coefficient at temperéture T,

vy is the charge of the ith ion,
I is the ioniec strength, and
B’ is a deviation function.




The Debye-Hlickel coefficients A and B are given by

6 1/2
ACT) = 1.8246X10 gséT)) (5)
(e(T)T)
2nd
8 1/2
B(T) = 50.29X10 (252)) (6)
(e(T)T)

where p and e are the density and the dielectric constant of water at

temperature T.

The ionic strength (I) of a given solution is given by

- 2

I=z1/2 % LI (7)
i The density of water is computed from the equations of Keenan

| end Keyes (1936, p. 21). The dielectric constant of water is
calculated to 100°C from the equation of Wyman and Ingalls as cited
by Harned and Owen (1958, p. 159); it is calculated at higher

4

temperatures from the function of Akerlof and Oshry (1950). (See

Appendix 1.)
The a° values used (App. 2B) are from Kielland (1937). Arbitrary
a® values of 4.0, 5.0, and 6.0 were assigned respectively to those

monovalent, divalent and trivalent species in solution not reported

by Kielland.

3
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The values for the deviation function, B°, reported in this
orogram as a function of temperature (App. 2D) are from Helgeson
11969). SOLMNEQ computes B' by linear interpolation of the values in
sppendix 2D. This method has been discussed in detail by'Helgeson
(1969). The B" values used in this program are for NaCl solutions, a
close approximation for the majority of natural waters. The presence
of appreciable amounts of divalent and trivalent cations and anions
in solutiom with their higher degree of hydration will make the Ys
obtained slightly lower than the true values.

The activity coefficients of all neutral species are.assumed
equal to the activity coefficients of dissolved CO2 in NaCl solutions
(Helgeson, 1967). SOLMNEC computes YCOQ at the temperature and ionic
strength (up to 3 molal) of the solution by linear interpolation of
YCOQ values as a function of temperature and ionic strength of an
equivalent solution (App. 2C after Helgeson, 1969). Helgeson
computed Yco from Ellis and Golding (1963) using

2

YCO2(T) =k /k (8)

where k and k_ are the Henry's law coefficients in pure water and in
|

@ sodium chloride solution of molality, m, at temperature}T.

SOLMNEQ has-an option by which the activity coefficients of the

neutral species may be given as unity.

»
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Equilibrium constants
The equilibrium constant (K) of a reaction such as reaction (1)
i1s given by:
a, . +a 3 (A, o 8
Nat = “Alt (H slou)

- 4 (9)

falbite = T 7 W . L\
alb ( H*) (HQO

where a; is the activity of the ith species at equilibrium.

The equilibrium constants for the reactions shown on table 1 are
punched as part of the object deck. The K(T) values reported
{App. 2A) at intervals of 25°C from 0-200°C and at intervals of 50°C
from 200-350°C were computed assuming a constant pressure of 1

atmosphere. Pressures normally encountered in natural systems will
these

not significally affect/computations (Helgeson, 1969). The equilibrium

constants were obtained by the following methods, which are listed in
decreasing order of reliability:

1. Reported experimental data (solubility, free energy, and
other data) over the temperature range considered in this
program.

2. Computed using KELYCOB (Program No. 0802 D/E, Helgeson, 1971
KELYCOB computes the equilibrium constants as well as the
standard entropies, enthalpies, free energies, and heat
capacities of a given reaction (log Kr’ AS%, AH;, AG;, and
Acgﬁr) as a function of temperature and pressure. The

Maier-Kelley (a + bT + cT_z, Kelley, 1960) heat capacity

oo .. _ pawer functions, the standard enthalpies of formation

4
!
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(AH%) and the standard entropies (Sg) of all the components
t.: .

involved are used as input to this program. KELYCOB

computes the K(T) values from an integrated foim of the

Van't Hoff's equation (Helgeson, 1969).

AHor 1 1 1
log K(T) = log Kygg 15 ~ 37303R\T ~ 298,15/~ 2.303RT

(10)

T T
1
,[ AC® (T)AT + ——— J. ACO (T)dInT
298.15 PoF 2.303R  ogg,15 PoT

KELYCOB was used to generate log K values at 25°C intervalﬁ
from 0°C to 350°C for most of the hydrolysis reactions
reported on table 1. A number of log K values for the
dissociation reactions of aqueous complexes were also

obtained by this method.

L2




e

3.

Computed using DQUANT (Program No. 0405 AR, Helgeson, 1971b)|

The heat capacity power function for many minerals
reported in this program are not known. These were
approximated by summing up the heat capacity power function
for the oxides. Ice (9.0 Cal mole-ldeg_l) was used to

represent H,0 in these approximations (Helgeson, 1969).

This program requires only that AH; (Tr) and AS; (Tr) be
known; it was used where no heat capacity data of any kind
were available for one or more of the species involved in
the reaction. This last condition covers most of the
aqueous reactions reported on table 1. DQUANT computes
K(T) values by evaluating (Helgeson, 1967)

AS;(Tr) | 6(
log K(T) = T303RT T, -5 1 - explexp (b + aT)

(11

AHO(T )
r T
-c+ (T - Tr)/el)] T 2.303RT

where
6, w, a, b, and c are temperature independent
constants characteristic of the solvent,

R 1is the gas constant.

19



Reported experimental data over a restricted temperature

DQUANT assumes that ACE,r changes monotonically but
nonlinearly with temperature. Dissociation constants
computed from this program are often much closer approxima-
tioms of actual dissociation constants at higher temperaturesg
than those computed assuming Acg,r(T) =0 or Ac;,r(T) =
a constant (Helgeson, 1969). K(T) values obtained with
DQUANT are reasonable approximatiors only to v 200°C,

A correction factor was applied to some of the K(T)
values generated with DQUANT at temperatures higher than
200°C. These factors were applied only to those complexes
where experimental values for similar species are available
Even with the application of these correction factors, the
errors involved in the values of K(T) at temperatures
higher than 200°C are large; this introduces large
uncertainties in computations carried out with SOLMNEQ at

temperatures higher than ~ 200°C.

range which were extrapolated to cover the temperature
range considered. Some K values are known or could only be
calculated at 25°C; these have been assumed constant over

|
|

the temperature range of the program.
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5. No K(T) values could be ébtained for a number of minerals and
aqueous species incorporated in SOLMNEQ. A dummy value of
log K equal to 999.99 is used for these minerals and species
This value is so high that the species and minerals involved

do not affect the results obtained with SOLMNEQ.

Values of log K for aqueous complexes and minerals at any
desired temperature can be computed from data in Appendix 2A by
the . subroutine (TLUV) (P. C. Doherty, oral commun., 1972),

The interpolation of the log K values (see listing, App. 1 ) is by:

Y = a+bX+cX? +dx® (12)

where
X 1is the independent variable (= the reported values of log K
at the specified temperatures),
Y is the dependent veriable (= the interpolated vaiue of log K
at the sample temperature),and

a, b, c,'and d are constants.

This subroutine is more than adequate to interpolate the log K
values between the reported intenvals (25°C from 0°C-200°C and 50°C

from 200-350°C).
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Uxidation-reduction reactions

3

The distribution of Fe' s Cu++, Hg++, and Mn+3 in SOLMNEQ may be

computed using equations involving electron transfer reactions such as

rett = Fe+3 +e (13)

where e~ pepresents an electron. The concentration of Fe+3 (mFe+8) may|
be calculated from the following equation if the Eh of the solution and
Mpo++ are known:

RT . "ret3 * Yret3

Eh(T) = E°(T) + == 1n : (14)
(D nE 7Y mp 4t 0 Ypgtt .

where
Eh(T) is the oxidation potential at the measured temperature
referred to the hydrogen half cell,
E° is the potential of the half cell in which all reactants
and products are in their standard states,
n is the number of electrons (e) involved; it is equal

to unity for reaction (13), and

F is the Faraday constant.
AGP(T)
0 = __=

E = (15)
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The standard free energies for the four oxidation-reduction-
reactions (AG; 296, 297, 298, and 299) at the same temperatures as for
log K are included in Appendix 2A. They are interpolated to the
specified temperature of the sample by Lagrange subroutine (TLUV).

SOLMNEQ will compute the Eh of the sample at the desired
temperature, if necessary, from the Emf of the Eh cell including the
Calomel reference electrode (EHMC) or from the Emf of the Eh cell
calibrated using Zobell's solution (EMFZSCE). For a more detailed
discussion of the theory of Eh and its field measurement and reduction
see Barnes and Back (1964), Barnes and Clarke (19639), and Garrels and
Christ (1965).

Computations based on measured Eh have been kept to a minimum in
this program because Barnes and Clarke (1969) showed that the measured
Eh is quantitatively related only to the behavior of iron species.

Distribution of species in solution

The distritution of species in the aqueous solution is computed
from the reported chemical analysis of the water sample together with
field measurements of its temperature, pH, and Eh. The interpolated

dissociation constants of the aqueous complexes (K

diss) and the

computed activity coefficients (y) are also utilized in these

computations.
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The chemical analysis may contain the total concentrations of all
or part of the following list of elements and ions: Ca, Mg, Na, K, Cl

§0,,, HCOg4, 3102, Ag, Al, Ba, Cu, Fe, Hg, Li, Mn, Pb, Sr, Zn, As(OH)u,
and
Pou, F, H3B03, NH3, HQS, C03,/N03. It is not necessary to distribute

the alkalinity of the sample between HCO

L}’

3 and 003; SOLMNEQ computes
the concentration of these and other species contributing to the
reported alkalinity.'

The concentration units, for the purpose of this program, may be
in ppm (parts per miilion) or mg/l (milligrams/liter) or moles/l
(moles/liter) or meq/l (millequivalent/liter). The computations in

SOLMNEQ are carried out after converting the concentration units

reported to molalities,
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The distribution of species in the aqueous phase is computed
using mass action reactions for all the aqueous complexes reported in
table 1, oxidation-reduction reactions, and mass balance relationships

The mass balance relationships are of the type

mi,t = E n.m, (16)
where
m o, is the total reported or computed molality of the ith
bl

ion (for example, total molality of Ca),

I n.m, is the summation of the molalities of Ca++ and all the

171
aqueous complexes containing Ca (for example, CaCOa(aq)
and
CaHCOS,/CaSOu(aq)), and
n; is the number of molecules of (i) appearing in the

aqueous complex.

For a more detailed and specific examination of distribution of
species see the listing of SOLMNEQ (App. 1).

Iteration cycles are used to solve for the distribution of
carbonate, sulphate, fluoride, phosphate, and chloride species. The
iteration cycles are carried out whenever the computed mi,t
(equation 16) of any of these five ligands differs by more than 0.5
percent from their analyzed values. Most water samples will probably

converge to meet the above requirement within about 20 iterative

cycles. The cutoff number in SOLMNEQ is 100 cycles.
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Gibbs free energy functions
The Gibbs free energy for many hydrolysié reactions in natural
systems may be obtained (Garrels and Christ, 1965; Barnes and Clarke,
1969) from |

AG, ==-RT 1n Q (17)

where AGr is the Gibbs free energy of reaction and Q is the reaction
| quotient. Q is equal to the activity product (AP) and is given for
reaction (1) by

Anat ~ qat3 quSiOu
Q = AP = (18)

(‘E‘H‘f\)LF ) (51420)L+ AT

where (3) is the actual activity of the species in the given solution

at the specified temperature and pressure. The value of gAlb is ’

assumed to be unity.
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The Gibbs free energy difference between the actual and

equilibrium states is given by

) /"' '! 3
o ~‘/.‘,J - /_,4/
BGy;er = RT In (Q/K) kll//*””/’ (19)

All the reactions used in SOLMNEQ (table 1) have the solid on the left
side of the reaction equation. As a consequence, the following

relations hold:

Myipr < O (20)
The reaction tends to proceed spontaneously from
left to right. The solid cannot precipitate from
this solution because of undersaturation.

Gaigr > O (21)
The reaction tends to proceed spontaneously from
right to left. The solid cannot dissolve in the
solution because of supersaturation.

Gaiee = O A (22)

The reaction is at equilibrium and neither dissolu-

tion nor precipitation should take place.
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The fact that the free energy difference of a giveﬁ reaction
(AGdiff) indicates that it should proceed from left to right or
vice versa, does not mean that the reaction will indéed proceed in the
specified direction. The only definitive statements that can be made
are that the solution is supersaturated, saturated or undersaturated
with pespect to the solid. Evaluation of this type should not,. by
themselves alone, be interpreted to indicate presence or absence of
specific mineral species. It is possible for a given solution to be
supersaturated (unstable but persistent condition) with respect to a
mineral by a number of kilocalories without precipitation (Barnes and
Clarke, 1869). The computation of Gibbs free energy difference for
minerals may be a useful guide for application of methods of identify-

ing mineral species expected to be present in the system under study.
|
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INPUT
Input to SOLMNEQ consists of fixed (card Nos. 1 through 6) and

optional (card Nos. 7 through 9) data as follows:

Card No. Data Format
1 Sample description (may be blank) A(80)
2 TEMP (temp. in °C), PH, EHM (Measured Eh E(6,1), X(1),
in volts if available; otherwise put E(6,2), X(1),
9,000 EO), and FLAG for concentration E(8,3), X(1),
units (PPM or MG/L or MOL/L or MEQ/L). A(5)
3 Total concentration of Ca, Mg, Na, K, Cl, 8(E(8,3), X(1))

80, HCO4, and 8i0,

I Total concentration of Ag, Al, Ba, Cu, 8(E(8,3), X(1))

Fe, Hg, Li, and Mn

5 "Total concentration of Pb, Sr, Zn, 8(E(8,3), X(1)
AS(OH),,, PO, F, HBOg, and NH,
6 Total concentration of H,S, COy and NO, 3(E(8,3), X(1)
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& + N Optional data including DENS (density if
(N=0 to 3) # 1.0), EHMC (the EMF in volts of the Eh
cell including the Calomel reference
electrode), EMFZSCE (the EMF in volts
of the Eh cell calibrated using Zobell's
solution). The values of FLAGl-5 may be
changed from "0" to "1". To suppress
the printout of "TABLES" and "RATIOS"
put INFORM=1, and RATIO=1. These
cards may also be used to temporarily
supercede the log (KT) values of any
species in table 1, for example,

"LOGKT(36)= "

6+N+1 Blank card separating every sample, and

at end of last sample.

T <da

Data directed
format. For
example,
FLAG1=1l,-=~-~- s
INFORM=1;
Separate the
data with commas
and end with

semicolon.

Blank
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' coefficient of the neutral species will be = 1.0 when FLAG1=l.

The total concentrations used in SOLMNEQ should be for the specieg
mentioned in cards 3 through 6 and in the specified order. Zerps, in
the appropriate format, must be used for the COncentrétioné of those
species appearing in cards 3 through 6 but not reported in the chemical
aﬁalyses of the sample.

FLAG1l through FLAGS5 are dummy identifiers which have been
initialized in SOLMNEQ as = 0. The value of any one of thése FLAGs,
however, may be changed to (1) if an alternate specified method of
computation is desired. SOLMNEQ equates the activity coefficient of
the neutral species in solution to the computed activity coefficient

of dissolved carbon dioxide, The activity

If the Eh of the sample is known and it is desired that the
concentration of any or all of the species Cu++, Fe+3, Hg++, and Mn+3
be computed from equations similar to equation 14, then put FLAG2
through FLAGS5 = 1, The concentrations of these species, otherwise,
will be computed from equations 4, 5, 6, and 7 (table 1), respectively,

It should be noted that the input value to be assigned to the

concentration units variable (FLAG) must be punched left-justified in

the appropriate field,
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OUTPUT (RESULTS)
A printout from SOLMNEQ for a test sample of sea water

composition (after Goldberg, 1963) is shown on Appendix 3. Table 2

gives the list of identifiers used in SOLMNEQ and their significance.
A typical printout includes a listing of SOLMNEQ, a prinmtout of the
data file (TABLES) as well as the results of the computations.
SOLMNEQ (see Appendix 1 for listing) is written for the IBM 360
computer and conforms to PL/1 language as given in the IBM reference

manual (IBM GC28-6594, 1972).
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Tatle 2,-<Lisg* of {dntifiecrs doed in SOLMNEG and their significance

L/ Tarvifier

Gext Lymuol

Significance

A

AGTOT, ..., XTOT

AH20

ALFA(0:161)

ANALCO3

ANALM(0: 161)

AP(138:295)

B
BDAT(10)

BDOT

c

202r1T

20707 -

2G 3CALC
CUNITS(9:161)
DENS
DHA(0:161)
EI'M

SHMC

¥MFZSCE
TPMAN

FPMCAT

b

FLAG, FLAG1-5

G = GAMMAC02(0:3,10)

GAMMA(0:161)

G (0:161)

INFORM

my

ppn or mg/l,~-ete.
[
a°
Ehm
. EHMC
EZMFZSCE

Molal Debye-Hiickel coefficient defined in equation (5)
Total analyzed concentration of Ag; X is for the species
shown on the input section

Activity of water

Array for the activity of the aqueous species shown on
App. 2B.

Total concentration of all the carbonate species in solution.

Array for the gnalyzed molality of the aqueous species shown
on Table 1.

Array for the activity product of minerals in solution defined
in equation (18).

Molal Debye-Hiickel coefflcient defined in equation ().

"Array for B (see below) as 8 function of temperature (App. 2D)

Deviation function defined in equation {L).

Conversion factor from (1n) to (log 10).

Analyzed molality of (COS' + HCO3‘)

Computed mclali:iés of CC3™, uco3‘ end 00,

Computed molality cf COB"

Reported concentration units

Density of water

Array for the distance of the nearest approach of ions in solutions

Measured Eh oxidation potential

Emf of the Eh Cell including the Calomel reference electrode
Emf of the Eh Cell calibrated using Zobell's solution

Total milliequivalent of anions/liter

Totel milliequivalent of cations/liter

The Faraday constent

.
Cee input

Array for the activity coefficient of dissolved CO, as a function

of an equivalent NaCl solution and temp. (App. 2C)
Array for the activity coefficients of the dissolved speciles
Array for the gram formula weight of the aqueous species
(App. 2B)

See input
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Table 2.--List of i{dentifiers used in SOLMNE) and their significance (continued)

PL/1 Identifler

Text Symbol

Significance

KT(295)

JH20

1KT(299,11)

LOGKT(299)

1{0:161)

4 NACLE

My

"AGEL (0:161)

PAGE2 (299) -

PCo2

214

"

31, S2, 83, Sk, and S5

T

TABLES

TC02(10)

TEMP

FENPH

5K(11)

Y1-y2h

2(0:161)

K(T)

Log ay 20
Log K

log K(T)

BNaCl

Pco,

pH

P
H20

Lyvgmy

Array for the equilibrium constants for the reactions of
Table 1

Log (activity eof water)

Array for the log of the equilibrium cpnstants es a function
of temperature for the reactions of Table 2.
IKT(296:299,11) is AG®, for reactions 296, -7, -8, end -9
(Table 1)

Log (K) above at temperature T, LOGKT (296:299) is 4G6°,.(T) for
the reactions 296, -7, -8, and -9

Array for the molality of the aqueous species (App. 2B)

Molality of an equivalent NaCl solution

I.onic strength of the sample defined in equation (7

Array for the numbers and the names of the aqueous species of App. 2B

Array for the numbers and the names of the aquecus complexes and
minerals of App. 2A

Partial pressu:ré of Co?(g) in atmospheres that would be in equilibrium
with the solution

pH = -log &y,

Partial pressure of Hzo(g) in atmospheres that would be in equilibrium
with the solution

Gas constant

Summations of the molalities of carbornate, sulphate, flouride, phosphate
and cloride ligands respectively in 1a‘ll the aqueous species

Temperature, degrees Kelvin

Name of file containing Appendix 2 '

Arrey for the 10 temperatures (App. 2C&D) for the reported values

. of Yco,(sq) and B

Temperature, degrees Centigrade

107PH

Arrey for the 11 “cmperatures (App. 24) for which the values of
log KT are given

Statement lavels used to bypass the species of an element not

. included in the repnrted analyses |

Array for the charge of the agueous sﬁ»ecies (App. 2B)
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The data file "TABLES" (App. 2) consists of the following:

1. A two-dimensional array (App. 2A) of log KT (299, 11) values
at the 11 specified temperatures. The reaction numbers as
well és the aqueous complexes (Nos. 1l through 136) and
minerals (137 through 295) are also indicated. Dummy('
values of 999.99 appear where no thermodynamic data are
available. The values reported for the reaction numbers
296 through 299 are the stapdard free energies of reaction
(462(T)) for the indicated oxidation-reduction reactions at
the specified temperatures. Table 1 gives the names of the
species, the reactions, and the source of log K values.

2. A list of the aqueous species involved in the computations
(App. 2B). This consists of the program number, name,
charge (Z), distance of the nearest approéch (DHA), and
gram formula weight (GEW) of the species.

3. A two-dimensional array of the activity coefficient of the
dissolved CO2 (YCO2) as a function of temperature and an
equivalent NaCl solution (Helgeson, 1969) (App. 2C).

4., A one-dimensional array of B° (BDOT) as a function of

temperature (Helgeson, 1969) (App. 2D).
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The results of the computatations carried out by this program and

appearing in the printout (App. 3) consist of the following:

1.

3.

A list consisting of information read into SOLMNEQ (sample
description, concentration units, pH, Eh (if measured), and|
temperature), the computed value of Eh (cqmputed from field
measurements; a dummy value of 9.0000 is prinfed when no Eh
data are available), total milliequivalent of cations
(MEQ/L CAT) and anions (MEQ/L AN) computed from the
analytical data (ANAL...) and from the calculated molalitieL
(CALC...), the ionic strength of solution (I), the mdlality

"and ppm of the dissolved 002, and the partial préssures, in
atmospheres, of co2(g)(PCO2) and H2o(g)(PH20) in
equilibrium with the solution.

A table showing the distribution of species in solution.

This consists of the index  number and nameiof the
species (0 to 161), reported and computed ppm (ANAL PPM,
CALC PPM), reported and computed mg/l (ANAL MG/L, CALC MG/L),
reported and computed molality (ANAL MOLAL, CALC MOLAL),
activity (ALFA), activity coefficient (GAMMA), and -log
activity (PIdN).

This table can be used to calculate the degreé of-complexinﬁ

in the solution under study.

Ratios of a number of cations and anions of importance in

g ) . 1 Tt . £ 1] 1 o :
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of cations and anions which may aid in deciphering the
origin of the water samples (White, 1965; Kharaka, 1971) and
logs of the activity ratios of a number of cations used to
study the stability fields of minerals. The subsurface
temperature of a geothermal reservoir is computed by six
different geochemical methods (see App. 1 for the details

of computations). A number of criteria for selecting the

most probable temperature are also printed. (Fournier and
| Truesdell, 1973; and references cited therein).

The computation and printout of these ratios and temperatures

4. A table showing the states of reactions for 158 minerals

; considered, The "DELG" column gives the (Asdiff)’ in
kilocalories, of equation 19. A positive (DELG) value
indicates that the solution is supersaturated with respect
to the given mineral; a negative (DELG) value indicates
undersaturation with respect to it., This table also shows
the mineral name and its computer numbers, AP = Q (equation
19), the value of K at temperature T, log (AP), log (KI),
AP/KT and log AP/KT. The activity product (AP) and LOG(AP)
as well as (AP/KT), DELG and LOG AP/KT of a mineral which
contains a species not reported in the chemical analyses of
the water sample will be blank, However, an arbitrary

value may be assigned to the concentration of any desired

L species. A_dummy value of 59.9990 is printed for the LOG KT
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(9.9770E + 59 for KT) where these are unknown., The log (KT)

of a nuﬁber of minerals (for exayple, kenyaite, magadiite)

is known only at 25°C; it is assumed constant at other

temperatures. The "DELG" values obtained for tﬁesé minerais

will not be too significént if the temperature‘of the %ample

varies by more than about 10°C from 25°C.

It is important to repeat here that (DELG). indicatesithat the

reaction can proceed but does not mean-that it will proceed in the
specified direction., It is possible for a given solution to be

supersaturated (unstable but persistent condition) with respect to a

l

'mineral by a number of kilocalories without precipitation. It 1s also
important to note here that large uncertainties are involved in the
computed log (KT) values for most aqueous complexes at temperatures

higher'than ~200°C.
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APPENDIX 1. LISTING OF SOLMNEQ
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THIS PROGRAM IS WRITTEN FOR THZ IBM 360 COMPUTER & CONFORMS T0
PL/1 LANGUAGE AS GIVEN IN THE IBMGC28-6594REFERENCE MANUALGTHIS
PROGRAM WAS WRITTEN BY YOUSIF K .KHARAKAZU+CALIFORNIA,BERKELFY,

- WHILE WORKING AT U.S.GEOLOGICAL SURVEY.SUOLMNEQ WAS BASED It PART.

N WATCHFEM 5 WATEOQ. THIS VFRSIONV WAS COMPLFETFD AUGUST/1972.

**#*##********#*#*****#*#####***#*****#****#*****##*******#**#*
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SOLMANEQ: PROCEDPURE OPTIONS (MAIN)
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PURPUSE ¢
TABLE-LOOK=UP AND LAGRANGE INTERPOLATION SUBROUTINE
DESCRIPTINN OF PARAMETERS
X - THE VALUE OF THE INDEPFNDENT VARIABLF (FOR WHICH THE
VALUE OF THE DEPENDENT VARIABLE AND/NOR 1ITS DERIVATIVES
ARE DESIRED).
XT - TABLE OF *X' VALUFS IN ASCENDING ORDFR.
YT - TABLE OF CORRESPONDING 'Y' VALUES.
N - NUMBER OF ENTRIES IN THE TABLE. {(DIMENSIUON OF XT AND YT
MUST BE AT LEAST N)
Y - COMPUTED VALUE OF DEPFNDENT VARIABLE CORRESPONDING TO Y.

%/

PROCEDURFE{XT YT oXyY) 3 ’

DECLARE (LUJUPSDIFsMIDgK,N) . FIXED BINARY (31),

(XeY{299) o XT(11),¥YT{(299s11)) FLOAT DEC(16), "

{(w(lC)sC(4)) FLOAT DECIMAL {(16) STATIC;:

N=11;

LO=13

UpP=N;

MID=1; _ :

I[F X > XT(N) THEN DO;

PUT EDIT ('X=0UT IN TLU, X="4Xs "' XTIN)=*,XT(N))
(SKIP(3)sX(3)9A3F(13,6)9X{2)3A,E(13,6))3

GO TO START; ’

MID=N-13
GOTN BSTEP;
END 3

IF X < XT{1) THEN DO3;

PUT EDIT (YX=TJUT IN TLUy X=%4Xy3 ' XT(1)=,XT(1))
(SKIP(3) g X{3)yAsF(1346)sX(2)yA4E(13,6));

GU TU START;

MID=3;

GOTS BSTEP:
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END;
ASTEP: DIF=UP-LO};
IF DIF > 2 THEN MID={UP+LO+1)/2;
ELSE IF DIF = 0 THEN GOTO BSTEP;
ELSE MID=LO+1;
IF X = XT(MID) THEN GOTO BSTEP;
IF X > XT(MID) THEN DO;
LO=MID;
GOTO ASTEP;
END
IF X = XT{MID-1) THEN DO:
MID=MID-1;
GOTO BSTEP;
END;
IF X < XT(MID-1) THEN DO
UP=MID;
GOTO ASTEP;
END;
BITEP: K=MID-2;
IF K < 1 THEN K=13
IF (K+3) > N THEN K=N-3;
WlLl)=X-XT(K);
W(2)=X=-XT(K+1}3;
W(3)=X=XT(K+2);
W(4)=X-XT{K+3);
WIS)=XTLK)=XT(K+1);
WI6)=XT(K)=XT(K+2);
WIT)=XT{K)=XT(K+3);
W(B)=XT(K+1)-XT(K+2):;
WI9)=XT(K+1)=XT(K+3);
W(L0)=XT(K+2)=XT(K+3) 3
D0 I=1 TG 799;
ClL)=YT(I4K)/Z(W(S)*W(6)%WI(T));
C2)==YTU{I,K+1)/(W{S)*WIB)*W(9));
CU3I=YT(I,K+2)/ (Wl 6) =W (B EN(10) )
Cla)==YTUI,K+3)/{W({T)*W(9)%xW(1C));
Y(I)=CU1)%W{2) %W (3) W (4)
+C{2)%W{1) *W(3)%W(4)
+CI3)RW(L)RW(2) %W (4)
4C(A) %W (L) %W (2)%XW(3);
END;
RETURN;
END TLUV;
UN CONVERSION BEGING
PUT FILE (SYSPRINT) EDIT (*INPUT CONVERSION FRROR IN I= *,I,
UNCHAR 3 ONSOURCE)
(SKIP (5) 2AsX{3),F(3),X{3),AsX(2)4A); ONCHAR='0'; END;
GET FILE(TABLES) ENDIT{(I,PAGEL(I),2([),DHA(I)GFWII) DO J=0 TO 161))
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(FU3) 9o X(1) g A(B) o XUY) s FU2) 4 X(1)»FU3,41)yX(1),F(8y4),SKIP );
GET FILE(TABLES) EDIT((IWPAGEZ(T) +LKT{T,4% ) DO J=1 TU 299))
(SKIPYF(3)yX(L) o A(B) yTIX{L)yF(T792))sSKIPyX{13)94(F(Te2)yX{1)));
GEYT FILE(TABLES) EDIT((I,GAMACU2(I,% ) DC J=0 TO 3))
{SKIPLF(I1),10(X(L)yFl4y2)) )3
SET FILE{TARLES) EDITO(BDATC(L) DU =Y TO 123))
{SKIPL10IF(543)¢X11))) 5
GET FILF(TARLES) EDIT((TK(L) DO I=1 TO 11})
(SKIPSF {33133 (X {L)yFla,y1))oTIX(L)4yF(S,1))) %
GET CILE(TABLES) rolT((ICcu2(I) DN I=1 T4 10))
{(SKIPoF {3yl )92 (XTI 9F (4431 ))sTUIX{1L)er(5,1)));
ODPEN FILE(SYSPRINT)IPRINT LINESIZIC(132)
ON ENDFILFE (SYSIN) GO TO EOF;
UN CONVERSIUN BEGI'vs
PUT FILE (SYSPRINT) EDIT (*INPUT CONVERSION FRRDR',UNCHAQ,
UNSOURCE) (PAGEsA,X{2)sAsX12),4A)
((CARD(L) DO =1 TU NJ)) (SKIP,A);
GO T START; END;
C=2.302585; F=23.0603; R=1.98719C-3;
START: CUNITS,ALFA,M=0EQ;
EHMyEHMC,EMFZSCE =9EGS
1=13DENS=1FEC; LOGKT=0%0; KT=0FEO;
RATIOy INFORMyFLAGLFLAG2,FLAG3sFLAG4FLAGS=(;;
CREED: GET FILE(SYSINY EDIT (CARDIN))(A{80));
IF CARD{N)->=% * THEN DOs ‘
li=N+13 GU TO CREEDS END;
N=M=-1; LONG=Y";
1] I=2 TO 63 LONG=LUNG]ICARD(IL) END 3
D I=0 TU 6951191291391 4415917420021422424+25926927+283429,30,
A1 432,977,135
CUNITSUI)=999999E0G; EnD;
GET STRING(LONG)Y EDIT (TEMPPH EHM,FLAG, (CUNITSI(I)
DO 130 T 691191241301 441541 7920421372024 92543264327328923430¢
31932397, 135) ) 0064 1) 3 KLL )9 E(6H02) o XTL)HE(R,3) 4 X11),AL(5),¥(52),
BLET(Re3) 9 XC1)) o X(B)aBIF(893)yX{1))yX{R)B(={R,3)seX(1)),X(B),
3LE(R3) X (1)) )3
IF CUNITS(I)>6.0FE5 THEN DU;
PUT EDITCYINSUFFICIENT NUMBER UF [NPUT OATA ITFMS 1M THE!,
VEGLLOWING SET:') (PAGE,2 A) :
{LCARDETL)Y DO I=1 TO N)) (SKLIP,A);
G0 TO START; END3 .
JECALLING THF LNGKT VALUES WHICH ARF INTELPOLATHL DY LAGRANGE SU3RGUT-
IHE FAUM A LUGKT VS TEMPERATURE TABLL ' %/
CALL TLUVITK G LKT,TFMP,LLOIGKT) 3
LONG='' 3
Do [=7 TO rey LOUNG=LUNG]ICARDLL) LN
IF N>6 THEN GET STRINGILUNGIDATAS
DO I=1 TN 1363
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IF LOGKT(I) <~7.0E1 THEN LOGKT(I)=-T.CE1l;
IF LOGKT(I) > 2.0E2 THEN LOGKT(1)=2.0E1l;
KT(I) =1E1*x*(LOGKT(I)); END3
/% PRINT OF TABLES. LOG(KT),LIST OF AQUEOUS SPECIES,GAMMA C02 & BDOT.
IF PRINT QUT OF TABLES NOT REQUIRED PUT INFORM=1 */
IF INFORM=0 THEN DO; !
PUT SKIP EDIT(*%%x TABLE OF LOG(KT) FOR THE AQUEDOUS COMPLEXES &?%,
' MINERALS #%%%v) (X{40) 42 A);
PUT SKIP (2);
PUT SKIP EDIT(YI*, 'PAGE2",'0C"y*25C"9*50C """ 75C",'100C",'125C*,*150C",
1200C",¢250C 9 *300C"*350C ) (X{1) s AyX{4) )AyX{6)y4(AyX(8)),
6{AX(T))yA);
PUT SKIP (2);
00 I=1 TO 299;
PUT SKIP FDIT{I+PAGEZ2(I ) LKT(Is%x )I(F(3) 4 X{L)sAX(2),F{Ty2),
10(X(4)yF(T92))) 3
END;
PUT PAGE EDIT ('* LISY OF AQUEUUS SPECIES %',
Yk GAMMA C0O2 AS A FUNCTION OF TEMP. & EQ. NACL *¥x')(X(3),A,
X{30),A);
PUT SKIP(3) EDIT {91 ','PAGEL*y*Z*,'DHA*,'GFWY,*EMNACL*,*0C*,%25C",
YS50CY,*100C",*150C*,'200C*,*250C*,*270C*,"300C"*,*350C")
(XC1) gAe X (3) A X{6) sAsX{2) A3 XI5)sAsX(15),A,4X(3),
AgX14)32(AX(3))37T(AX(2)),A)3
PUT SKIP (2)
DO I=0 Tu 161;
PUT SKIP EDPIT (IsPAGEL(I) 2 (1) DHALL) ¢GFWI(L1))
(F(3)3X{2)3AsFla)4F({59y1),F(11,5));
IF I<4 THEN PUT EDITU(I,GAMACO2(1Iy%* )) (COL{AT),F{2)sX{3),
10 F(642));
END s
PUT SKIP (3) EDIT('BDOT=*){COL(40),A);
DO I=1 TO 10;
PUT ZDITU(BDAT(I)) (F(T74+3));
END; END3
/% CALCULATIOUN OF €EH FROM FIELD DATA X%/
IF EMFZSCE=9E0 THEN Cl=,2145E0~-7.6E-4%(TEMP-25E0);
ELSE C1=4,28E-1-2.2E-3%(TEMP-25EQ)—-EMFZSCF;
I[F EHMC <9EC
THEN EHM = EHMC+C1l
/% CALCULATION OF ANALYZED MOLALITY %/
C3=0EQ; DO I=0 TO 161
IF FLAG='PPM * THEN C3=C3+1E-6%CUNITS({I)*®NENSS
ELSE IF FLAG='M3/L v THEN C3=C3+1E~6%CUNITSI(I);
FLSE IF FLAG ='MOL/L' THEN C3=C3+41E-3%CUNITSCI)IXGFW{TI)
FLSE IF FLAG='MEQ/LY & Z(1)~=0 THEN
C3=C3+1E~6%CUNITS{I)®GFW(I)I/ABS(Z(1)); END;
IF FLAG='PPM ' THEN M=1E-3%CUMNITS*DENS/{GFW®(NENS-C3))
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ELSE IF FLAG='MG/L * THEN M=1E-3%CUNITS/(GFW*(DENS-C3));
ELSE IF FLAG=*MUL/L' THEN M=CUNITS/(DENS-C3):
ELSE IF FLAG='MEQ/L' THEN DD I=0 TO 161;
IF Z{I}~=0 THEN M{I)=1E-3%CUNITS(I)}/(ABS(Z(I))*(DENS-C3));END;
ANALM = M3 FPMCAT,EPMAN =0tE0;
/% CALCULATION OF CATION-ANION BALANCE */
DO I=0 TN 1615
IF Z(I)>0 THEN CPMCAT = EPMCATH+Z(I)* M{1) ;
ELSE FPMAN = EPMAN-Z(T1)2M(1) ; END;
EPMCAT=FPMCAT*(DENS-C3);
EPMAN =EPMAN *{DENS-C31};
/% THMP. EFFECTS ON DEBYE-HUCKEL SOLVENT CONSTANTS #*/
51 3764.)11E0-TEMP;
S2 S1%%,333333E0D
53 SQRT((L1EO+.1342489E0%52-3.946263E-3%S51)/{(3.1975E0~

«3151548E0%52-1.203374E-3%S51+47.48908E-13%S1%%x4));
T=TEMP+273.16EQ;
IF T < 373.16E0
THEN Cl=8T7.7T4EO-TEMPX(TEMP*{1.41E-6*%TEMP-3.398BE-4)+ .4008ED);
ELSE C1=5321F0/T+233.76E0-T#{T*(B.292F-T*%T-1.417E-3)+.9297E0);
Cl =SQRT(CL*T);
A 18246E2%53/C1%%3 3
8 50.29%53/C1 ; ,
/* *%%x  CALCULATION QOF PH20  **% */
PH20C1=-1.87EO4+3.74E0%(1.152894E0-.745794E0*LNGI654,2906E0/{TEMP+
766.TTBED)+SGRT((654.2906F0/(TEMP4+266.TTBEQ) ) %%2-1E0))) 3
PH2OC2=PH20C1*%*2%(3,4969E0-PH20CL*%2)/(.30231574F0+.337T7565E-2*TEMP)
LOGLOPH20=1.0642332E0+4.16385282E0%( TEMP-18T7EQ) /(TEMP+237.098157E0) -
1.0137921E0*%(1EQ0+5.83531E-4%TEMP) *3.,97307778E-3%((1E~2%TEMP=-1.8TEN) -
LE-2%PH20C2 ) *(3.4969E0-{(1E-2%TEMP-1.8T7TE0-1E-2%PH20C2) *%2) ;
PH20= 10EO0%®%L0G10PH20 3
/* INITIALLIZE STARTING VALUES FOR ITERATIVE LUUP AND CONSTANT GAMMAS x/
CATOT=M(0): MGTOT=M(1); NATOT=M(2);
KTOT=M(3); CLTOT=M(4); SO4TOT,SO4ITR=M(5);
"HCO3TOT=M(6); SITOT=M(1l1); AGTOT=M(12);
ALTOT=MI13); BATOT=M(1l4); CUTOT=M(15);
FETOT=M(17); HGTOT=M(20); LITOT=M{21);
MNTOT=M(22); PBTOT=M(24)3 SRTOT=M(25);
INTOT=M{26); ASTOT=M(27); PTUT,PITR=M(28);
FTOT=M{29); BTOT=M(30) 3 NH3TOT=M(31);
H2STAT=M(32}; CO2TIT,CO02TQT=M{6)+M(97)
TENPH=1F1%%{~-PH);
PUT PAGE EDIT (CARDI(1)) (A)3
PUT SKIP EDIT(*ITER'y *S1-ANALCO3 ', *S2-ANALSU4 ", *S3~ANALF?,
'S4-ANALPI4, TSS—ANALCLY)
(SKIPL2) 9 X(2)sAsX(9) Ay X(10)sA,3(X(11),A));
[TER=0U; RBIT=21'B; DO WHILE(RBIT); ITFR=ITER+];
/*CALC. UF TOTAL MOLALITY & AHZ2D %/

i

won

w3
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C1=0E0; DO I=0 TO 8,10412 TO 30,32 YO 1613
C1=CLl+M(I)}; END:
AH20=1E0-1.7E-2%C1l; LH20=LOGl10(AH20)};

/¥ THE FOLLUWING RUUTINE ESTIMATES THE GAMMA UF CU2 PY LINEAR INTERPU-
LATION BETWEEN THE KNOWN VALUES OF GAMMA C02 GIVEN AS A FUNCTION 0OF
TEMPERATURE AND EQUIVALENT MNACL(INACLE) */

/7% CALCULATION OF THE JONIC STRENGTH (1), EQUIVALENT HNACLE-I#/

MU=0EO;
DO 1=0 TO 1lé61;
MU=MUM{ T ) *Z2(1)*%23;
END;
MU=,.5EC*MU 3
MUHALF=SQRT(MU);
MNACLE=MU;
IF MNACL=>3.0E0 THEN MNACLE=3.0E0;
G=GAMACD2Z;
MJ=TRUNC {MNACLE) ;
N0 I=1 10O 103
IF TEMP> TCO2(1) THEN
GO TO SKIP;
IF TEMP=TCO2(1I) THEN
DO GT1=G{(MJ,y 1) GT2=G{MJI+1,1); MI=MJ+l; END;
IF TEMP=TCO2(I) THEN GO TO GUTB;
GTI=GIMJ,[-1)+(TEMP-TCO2(I-1))*(G(MI,I}=-G(MI,I-1)) /7 (TCO2(I)-
TCO2{I-1));
GO TO 0QUT;

“KIPs END;3

CUT: MJ=MJ+1;

GT2=G(MSy I-1)+{TEMP-TCO2{I-1}}%(G(MI,I1)-GIMIsI-1))/(TCL2(]I)-
TCU2(1-1)1}3

auTB:  GTM=GTL+(MNACLE-(MJ-1))%(6T2-GT1)3

/% CALCULATION OF ACTIVITY COFFFICIENTS. GAMMA FOR NEUTRAL SPECIES=
GAMMA CO2,THEY ARE =1.0 IF FLAGl=1.GAMMA FOR CHARCHED SPECTIES IS BY
8D0OT METHOD,HFLGESON,1969. %/

IF TEMP 300EQ THEN
RDOT 0EQ;
ELSE DO =1 T3 9;
IF TEMP TCU2(J) THEN
BDOT = BDAT(J);
ELSE IF TEMP > TC02(J) THEN GO TO ADD3
ELSE BDOT = BDAT(J-L)+(TEMP-TCO2(J-1))*(BDAT(J)-BDAT(J-1))/
{TCO2(J3)-TC02(J=-1)) 3
GO TO CONTINU 3

ADD: END 3

CONTINU: DU I=0 TU 161;

[F 7(1)-~=0 THEN
GAMMA(T)=1E1%%{-AXMUHALF*Z (1) %%2/(1EQ+DHA(T1)*B*MUHALF)
+BDUT%xMU) ;

Vo

[ S}
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ELSE IF Z{I1)=0 & FLAGLl=0 THEN GAMMA(]I)=GTM;
ELSE IF Z(1)=0 & FLAGl=1 THEN GAMMA(I)=1EO; END3
/7% CALCULATION OF A NUMBER OUF ANIUN ACTIVITIES =%/
DO I=495,29,135;
ALFA(I)=M(I)*GAMMA(I); ENU;
/% CO2 SPECIES %/
Yl IF CUNITS(6)1<=0E1 & CUNITS(97)<=Ct1 THFN GO TO Y23
MUB)=CUZ2TOT/(1EO+{(GAMMA(G)XTENPH) Z{KT(72)% GAMMA(Y96) )+ ((KT(1)%
GAMMA(E6) )/ ({GAMMA(SGT)Y % TENPH))Y) )
ALFA{6)=M{6)RGAMMA(G) ;
MUOT)=(KT(1)*ALFA{6) )/ {GAMMA(IT)®TENPH) ;
ALFA(IT7)Y=M(9T7)%GAMMA(97);
MEIE)=(ALFA(O)XTENPH) /(KT(72)*GAMMA(96)) ;
ALFA(S6)=M(96)*GAMMA(96) ;
/% SULPHUR SPECIES %/
Y2: IF CUNITS(32) <=0E1 THEN GO TO Y3,
M(lOu)-HZSTOT/(lEO*f%GAMMA(100)*?ENPHT/(KT(10)*GAMMA(3Z))+
((KT(T5)*GAM@ALLQQ))/(GAMMA(IOl)*TFNPH))))’
ALFA({LO0)=GAMMA({100C)%M{100);
M{32)=(ALFA(L100)*TENPH)/ZIKT(10)*GCAMMA(32));
ALFA(32)=GAMMA(32)%M(32);
M{101)=(KT(75)*ALFA(100))/7{GAMMA(LO0L)XTENPI{)
ALFA(101)=M(101)*GAMMA(101);
Y3: IF CUNITS(5) <=0£l1 THEN GO TO Y43
M({102)=SO4ITR/Z{LLIEDH+{{LIKTLTO)XGCAMMA(LO2) ) /(GCAMVALS)IXTENPHY)) )
ALFA{102)=M(102)%*GAMMA(102);
MIS)=(KT(TH)%ALFA(L02) )/ (GAMMA(S)XTENPH) ;
ALFA(S)=M(5)%GAMMA(S5);
£% SILICA SPECIES */
Y4: IF CUNITS(11) <=0E1 THEN GO TO Y5;
M{90)=SITOT/{L1EO+((GAMMA(GO)IXTENPH)/IKT(3).GAMMA(LIO) )+ (KT (66)
*GAMMAL{90) }/ (GAMMA{BI)XTENPH))) )3
ALFA(S0)=GAMMA(90) £M[90);
MO1O0)Y=LALFA(90) *TENPH) ZIKT(3)XGAMMA(LN) ) ;
ALFA(10)=M{10)%4CAMMA(10);
MIBI)=(KT(O6H)YXALFALI0) ) /{GAMMA(B9) %*TENPH) ;
ALFA(89)=M(89)*GAMMA(89);
/% ACTIVITY OF OHyaH+,HF, AND HNO3 ®/
v5: ALFA(B8)=(AHZU*KT(2) )Y/ TENPH;
M{8)=ALFAl8)/GAMMA(8);
MUT)=TENPH/GAMMA(T) ;
ALFA(T7)=TENPH;
M(95)=(TENPH®ALFA(29) )/ (GAMMA(I95)%KT(71));
ALFA(95)=M{95)*GAMMA(95);
MULO3)=(TENPH®ALFA(L135))/(GAMMA(LO03)*KTLTT))
IF ITER=] THEN M{135)=M{135)-M(103);
ALFA(103)=M(103)*GAMMA({103);
/* BORON SPECIES */
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IF CUNITS(30) <=0El THEN GO TO Y63
M(30)=BTOT/(LEO+({(GAMMA(30)*ALFA(B))/(KT(64)*GAMMA(88))1))};
ALFA(30)=M({30)*GAMMA(30);
M{88)=(ALFA{30)*ALFA(8))/(KTl64)*GAMMA(RB));
ALFA(88)=M(88)*GAMMA(88);

/% PHOSPHATE SPECIES %/

Y6: IF CUNITS(28) <=0El THEN GO TU Y73
MU98)=PITR/(LEO+( (GAMMA(98)¥TENPH) /(KT (T74)%GAMMA(99) )+ ((KT(73)%

GAMMA({98))/(GAMMA(2B)*TENPH))) )
ALFA(98)=M(98)%*GAMMA(98);

M(99)=(ALFA(98)*TENPH)/ (KT(T74)*GAMMA(99));
MI28)=(KT(73)*ALFA({98))/(GAMMA(28)*TENPH) ;
ALFA(99)=M(99)*GAMMA(99); .
ALFA(28)=M(28)%GAMMA(28);

/¥ NITROGEN SPECIES =%/

¥Y7: IF CUNITS(31) <=0El1 THEN GO TO Y8;
M(144)=ALFA(8)/(KT(118)*GAMMA({144));
MU145)=ALFA(28)/(KT(119)*GAMMA(145));
MU146Y=ALFA(5)/(KT(120)*GAMMA(146));
M{143)=NH3TOT/(LEO+GAMMA{143)*(M(144)+M(145)+M(146)));
ALFA(143),Cl= M{143)*GAMMA(143);

DO I=144 TO 146;
MED)=M(I)%C1;
ALFA(I)=M(I)*GAMMA(I); END;

/¥ CA SPECIES %/

¥8: IF CUNITS{C) <=0El THEN GO TO Y9;
M{54)=ALFA(IT)/(KT(30)%GAMMA(54]))
M{S5)=ALFA(6]/(KT(31)*GAMMA(55));

MIS6)=ALFAL(8) /(KT(32)%GAMMA(56) )

MIST)=ALFA(28) /IKT{33)%GAMMA(57) )3

M{S8)=ALFA(98)/(KT(34)%GAMMA(S8));

M{59)=ALFA(99)/(KT(35)%GAMMA(59));

MUGC)=ALFA(S)/(KT{36)%*GAMMA(60) )3

MEO)=CATOT /(1EOQ+GAMMA(C) *(M(54)+M(55)+M(56}+M(5T7)+M(58)+M(59)+
M{60)) )3

ALFA(D) yC1=M{0)*GAMMA(O);

DO [=54 TO 603

MOT)=CLl%®M(I);

ALFA(D)=M(T)*GAMMA(I);

END3

/* MG SPECIES %/

Y9: IF CUNITS(1) <=0El1 THEN GO 70O Y103
MO119)=ALFA(9T)/(KT(93)*GAMMA(119)
MUL12C)=ALFAL6)/IKT(94)%GAMMA(120))
MIL21)=ALFA(29)/(KT(95)%GAMMA(121])
MUL22)=ALFA(B)/(KTI(96)*GAMMA(122))
MU123)=ALFA(S) /IKT(IT)*GAMMAL(123))
M{124)=ALFA(28)/(KT(98)%GAMMA(124)

I
5
)3
H
’
)
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/% NA
Yio:

M{125)=ALFA(98)/(KT(99)*GAMMA(125) )3
M{126)=ALFA(99) /(KT(100)*GAMMA(126))3
ML) =MGTOT/(1EO+GAMMA(TL ) *(M(119)+M(120)+M (121 )+M(122)+M(123)+
M(124)+M(125)+M(126)));
ALFA(1),C1=M(1)2GAMMA(1)
DO I=119 T0O 1263
M{I)=M(I1)%C1;
ALFALT)I=M{I)%GAMMA(]);
END3
SPECIES %/
IF CUNITS(2) <=0E1l THEN GO TO Y113
MO136)=ALFA(4)/{KT{110)%GAMMA(136));
MUL3T)=ALFA(IT)/(KT{L111l)*GAMMA(L37));
M(138)=ALFA(6)/(KT(112)*GAMMA(138));
M{139)=(M(2)%GAMMA(2)*¥ALFA(97))/(KT(113)%GAMMA(139));
MU14CY=(M(2)XGAMMA(2)*ALFA(S) ) /(KT(L114)*GAMMA(140))3
MI141)=ALFA(S5)/(KT{115)*%GAMMA(141));
MUL42)=ALFA{98)/(KT(116)%GAMMA(142));
M{2)=NATDT/{ LEO+GAMMA(2)%:(M{136)+M(13T7)+M(138)+M(139)+M(140)+
M(L41)+M(142))) 3
ALFA(2),C1=M{2)%*CAMMA(2);
DO I=136 TO 142;
M{I)=M{I)*C1;
ALFA(TI)=M(T1)*GAMMA(I); END3;

/% K SPECIES | */

Yl1l:

/* AG
Yle:

IF CUNITS(3) <=0El1 THEN GO TO Y123

MIL12)=ALFA(4)/(KT(86)*GAMMA(112));

MI{114)=ALFA(102)/(KT(B88)*GAMMA(114));

MIOLLS)=ALFA(S5)/(KT(89)%xGAMMA(115));

M{116)=ALFA{98)/(KT(90)4GAMMA(LL6)) 3

M(3)=KTOT/(1EO+GAMMA(3)*({M(112)+M(114)+M(115)+M(116)));

ALFA(3),C1=M(3)*GAMMA(3);

DO I=112,114 TO 1163

MUT)=M(1)%C1;

ALFA(T)=M(T)2GAMMA(I)}; END;

SPECIES %/

IF CUNITS(12) <=0El THEN GO TO Y13;

MU4?2)=ALFA(4)/(KT(20)%GAMMA(42));

MU43)=ALFA{4) %%2/(KT(21)*GAMMA(43));

M{44)=ALFA(4) %%3/ (KT (22)*GAMMA(44) )3

M(45)=ALFA(4) *¥%x4/ (KT (23)*GAMMA{45));

M(46)=ALFA(S)/(KT(24)%*GAMMA(46)) 3

MUAT)I=ALFA(S5) %42/ (KT(25)*%GAMMA (47} )3

M{L12)=AGTOT/(LEO+GAMMA(12)%(M(42) +M(43)+M(44)+M(45)+M(46)+
M(aT7))) ;5

ALFA(12),C1=M(12)*GAMMA(12);

DO I=42 TO 473

M{I)=M{TI)*C1;
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ALFACI)=M(1)*GAMMA(I); END;

/= AL SPECIES =%/

Yi3:

IF CUNITS(13) <=CE1l THEN GO TO Y14;
MU33)=ALFA(29)/(KT(11)%GAMMA(33));
MU34)=ALFA(29) %x%x2/(KT(12)*GAMMA(34));
M{35)=ALFA(29) ®*%x3/(KT(13)*GAMMA(35));
M(36)=ALFA(29) *%4/(KT(14)%*GAMMA(36));
ME3T7)=ALFA(B)/(KT(15)%GAMMA(3T));
ME38)=ALFA(8) %2/ (KT(16)*GAMMA(38));
M{39)=ALFA(B) %4/ (KT(17)*GAMMA(39));
M{40)=ALFA(S) /(KT(18)%GAMMA(40));
ME41)=ALFA(S5) *%2/(KT(19)*GAMMA(41));
M(13)“ALTOT/(lEC+GAMMA(13)*(M(33)+M(34)+M(35)+M(36)*”(37)*M(38)

+M(39)+M(40)+M(41) 1))
ALFA(13),C1=M(13)*GAMMA(13);
DO I=33 TO 413
MID)I=M(I)%CL;
ALFA(T)=M(I)*GAMMA(I); END;

/% FE SPECIES =%/

Y14:

[F CUNITS(17) <=0E1 THEN GO TO Y153
MITO)I=ALFA(4) /{KT(46)*GAMMA(T0));
METL)=ALFA(G) *%2/(KT(47)*GAMMA(T1))
MIT2)=ALFA(4)*%3/ (KT (48)*GAMMA(T2))
MUT3)=ALFA(4) *%4/(KT(49)%GAMMA(T3))
MUT4)=ALFA(8)/(KT(50)*GAMMA(T4));
METS)=ALFA(B)**2/(KT(S1)*GAMMA(TS5) )
M{76)=AH20/(KT(52)*TENPH%*3&GCAMMA(T6));
METT)=ALFA(S5) /(KT(53)%GAMMA(TT));

s B0 we

/* 1F FE+3 IS TO BE CALCULATED FROM EH MEASUREMENTS THEN PUT FLAGZ2=1,
IF FROM THFE REACTION FE+3 + 1/2H20 +1/8HS- =FE++ +1/8504 +9/8H+ THEN

rLAG2=C */ '
[F EHM <9EO0 & FLAG2=1 THEN DG
Cl=1£1*%((EHM*F-LOGKT(276))/(2.303%R%T));
M{18)=Cl / GAMMA(18B); END;

ELSt IF CUNITS(32)=0E1l THEN M(18)=0E1;
ELSE IF FLAGZ2 =0 THEN
MULB)=(ALFA(S) %%, 125%TENPH%%1,125) /(KT (5)*SQRT(AH20) *
ALFA(100) *%,125%GAMMA{18));
MUT8)=ALFA(4) /IKT(54)%*GAMMA(T8));
MUT79)=ALFA(4)**2/(KT(55)*GAMMA(79));
M{BO)=ALFAL4)*%x3/(KT(56)*GAMMA(80));
MUB1)=ALFA(4)*%4/(KT(57)*GAMMA(81));
MI82)=ALFA(S) /(KT (58)%GAMMA(82));
MIB3)=ALFA(S)*%2/(KT(59)%GAMMA(83));
M{B4)=ALFA(B)/(KT(60)%GAMMA(84));
MUBS)=ALFA(B)%%2/(KT{61)%*GAMMA(85));
M{BEI=ALFA(B)*%3/(KT(62)*%GAMMA(8B6));
MIBT)=ALFA(B)*%4/(KT(63)%GCAMMA(8T));
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DO I=78 TO 87;
M{D)=M(T)*M(18)*GAMMA(18); END;
M{ITY=FETOT/(1EO+GAMMA(LT)*(M{L18)+M{TO)I+M(T2)+M(T73)+M(T4)+M(T])
+M(75)+M(76)*M(77)+M(78)+M(79)+M(80)+M(81)+M(82)¢M(831+M(84)
+M(85)+M(B6)+M(B8T)) )3
ALFA(L17)+C2=M(1T)*GAMMA(L1T7);
LU I=18,70 TO 87;
MUT)=MUT) %23
ALFA(TL)=P(1)*5AMMA(TI); END;
/* 8A SPECIES %/
Y15: 1F CUNITS(14) <=0NE1 THEN GU TU Y163
MISO)=ALFALI7)Y/LKT(26)*CAMMA(SD)Y)
MIS1Y=ALFA (6)}/(KT(27T)*CAMMA(SL))
MIS2)=ALFA(R)/(KT(28)*GAMMALSZ2) )
MI53)=ALFA(S)/{KT(29)%XGAMMA(S3)) ;
M{14)=BATOT/(LEC+GAMMA( L4 )2 (M(H2)+MISL) {521 +14(53)) )3
ALFA(14),CLl=M{146)%GAMMA(14); '
DO I=50 TO 53;
MIL)=M(T)*C1;
ALFA(I)=M(1)*GAMMA(I); FND;
/% CU SPECIES %/
Y1é: IF CUNITS(15%) <=NEL1l THEN GO TO Y17,
M{G1)=ALFA(A) /IKT{3T7)%GAMMA{GL));
MIG62)=ALFA(4 )52/ KT(38)*GAMMA{62) )3
M{63)=ALFA(4) %X/ (KT{39)*GAMMA(63));
/% IF CU++ IS TO RE CALCULATED FROM EH MEASUREMENTS THSN FLAG3=1, IF
FROM CU++ +FE++ = CU+ +FE+3, THEN FLAG3=0 %/
IF £HM <9EQ & FLAG3=1 THEN DOjs
Cl=1E1 %X ( { EHM*F-LOGKT(297))/(2.303%R%*T));
M{1A)=C1/GAMMA(18); END;
ELSE IF CUNITS(32)=0£1 THEN M{16)=0FEl;
ELSE IF CUNITS(17)=0E1 THEN M(16)=0F1;
FLSE IF FLAG3=0 THEN
MU16)=ALFALLI8) /7{KT{4)*ALFA(L1T)*GAMMA(16));
M(64)=ALFA(4)/7(KT{40)*GAMMA(G64) ) ;
M{6S)=ALFA(4)%%2/({KT(41)*GAMMA(65) )
M{66)=ALFA(4) %53/ (KT(42)%GAMMA(66))
M{6T)I=ALFA(4) 254 /{KT(43)%GAMMA(6T));
MI6E)=ALFA(B)/(KT(44)*GCAMMA(68));
MIA9)=ALFA(S) /(KT (45)%GAMMA(69) )
DO 1=64 TO 69;
MII)=M{1)%M{16)*GAMMA(16); END;
M(1S)Y=CUTOT/{LEQ+GAMMA(LS)I%x(M{16) +M{6L)I+M(62)+M(63)+M{6H)+M(65)+
MIGEE)+MLET) +M68)+M(69)))
ALFA(L15),C2=M(15)%GAMMA(15);
133 I=1&6461 T0 69;
MIT)=M{1)%C2;
ALFA(L)I=M(I)AGAMMA(I); END;
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/¥ HG SPECIES %/

YIT: TF CUNITS{20) <=CEl THEN GO TO Y18;
M{104)=ALFA(4)/(KT(T78)%GAMMA(104));
M{105)=ALFA(4) %%2/(KT(79)«GAMMA(105));
M(106)=ALFA(4)*%3/(KT(80)*GAMMA(106));
MU1GT)=ALFA(4)*%4/(KT(81)*GAMMA(107));
M{108)=ALFA(S)/(KT(82)%GAMMA(1G8));
MU109)=(ALFA(32)%%2%ALFA{100))/(KT(83)*GAMMA(109)*TENPH);
MUL1Q)=ALFA(100) #%3/(KT(84)*GAMMA(L11C) )3
M{LLL)=ALFA(L100)%%3/(KT(85)%GAMMA(LL11)*TENPH);
M{LLI)=ALFA(LOD)*%2/(KT(B8T)AGAMMA{113)*TENPH%%2)3;

KT(O6)==-KT(6); '

/% IF HG++ IS TO BE CALCULATED FRUM EH THEN FAG4=1,1F FROM 2HG++ +2FC++
=HG2++ +2FE+3 THEN FLAG4=0 %/

IF EHMCYED & FLAG4=1 THEN DO;

Cl=151%%(( (EHMXF=LOGKT(298))%2)/(2.303%k*T})3
M{19)=C1%¥M{20)*GAMMA{(20)/GAMMA(19); END;

ELSE IF CUMITS(32)=0ELl THEN M(19)=0El;

ELSE IF CUNITS(17)=0E1 THEN M(19)=C0CEl;

FLSE IF FLAG4=0 THEN

MU19)=(GAMMA(19) #ALFA{18)%%x2)/(KT(6)XM{20)XGAMMA(20) *ALFA(LT7) *%2);

M(20)=HGTOT/(1EO+GAMMA(2C) % (M{13)+M{104)+M105)+M(106)+M(10T7)+
M108)+M(109)+M{110)+M(111)+M(113)) )3

ALFA(20),C2=M(20)%GAMMA(20);

DO I=19,104 TO 111,113;

M{T)=M(T)%C2;

ALFALL)=M({)*GAMMA(I); ENG;

/¥ LI SPECIES */

Y18: IF CUNITS(21) <=CE1l THEN GO TO Y19;
MILT1T7)=ALFA(B8)/(KT(91)%2GAMMA{(117));
M{118)=ALFA(S)/(KTI{92)%GAMMA(118));
M{2L)=LITOT/(LEN+GAMMA(Z2T )& (M(117)+M(118)));
ALFA(Z21),C1=M(21)%GAMMA(2]1);

DO I=117 TU 118;
MITI)Y=M(1)*C1;
ALFACI)=M(]I)*GAMMA(TI) s END;

/% MN SPECIES */

Y19: IF CUNITS(22) <=0E1l THEN 50 TO Y203
MO127)=ALFA(4)/(KT{10L1)*GAMMA(127));

MI128)=ALFAL4) #x2/{kT(1C2)%GAMMA(128));
MO129)=ALFA(4) %%3/(KT(103)*GAMMA(129));
M{L3C)=ALFA(4 ) *%4/(KT({104)%GAMMA(130)) 3
MI131)=ALFALO6)/(KT(105)%GAMMA(131));
MIL132)=ALFA(S)/(KT(1U6)RGAMMA(L132));
/% IF MN+++ [S TO BFE CAULCULATED FRUM FH THEN FLAGS=1, IF FrOM MN++4+ ¢

FFR++ = MN++ +FE+3 THEN FLAGS=0 */
IF EHM < 9F0 & FLAGS=1 THEN DO
Cl=1E1*%({EHAMRF-LOLKT(299))/12.303%R%1));

l
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M(23)=C1/GAMMA(22) ; END;

ELSE IF CUNITS(32)=0E1l THEN M(23)=0El3;

ELSE IF CUNITS(17)=0El THEN M{23)=0El;

ELSE IF FLAG4=0 THEN

M({23)=ALFA(18)/(KT(T)*ALFA(17)*GAMMA(23));

M{133)=ALFA(4)/(KT(107)*GAMMA(133));

MU134)=ALFA{4)*%2/(KT(108)*GAMMA(134));

DO 1=133 TO 134;

MOT)=MOT)®M(23) %GAMMA(23) 5 END;

M{22)=MNTNT/ (LED+GAMMA(22) % (M(23) +M(L2T)+M{128)+M(129)+M(130)+
MUL31)4M(132)+M(133)+M(134)1);

ALFA(22),02=M(22)%GAMMA(22) ;

DO 1=23,127 TU 134;

MCT)=M(1)*C2;

ALFACI)=M(T)%GAMMA(I); END3

/% P8 SPECIES  #/

Y20: IF CUNITS(24) <=0El THEN GO TO Y21;
M{14T)=ALFA(4) /(KT(121) %*GAMMA(L14T));
MU14R)=ALFA(4) %2/ (KT(122) *CAMMA{148) ) ;
MU149)=ALFA(4) %53/ (KT(123)%GAMMA(L149));
MOLS0)=ALFAL4) ¥4/ (KT(124) #GAMMA(150) ) ;
M{151)=ALFA(S)/(KT(125)*GAMMA{151));
M{L152)=ALFA(S5)*%2/(KT(126)%GAMMA(152));
M(24)=PBTOT/(LEC+GAMMA(24) #({M{147)+M(148)+M(149)+M(150)+M(151)+

M(152)));
ALFA(24),Cl=M{26 ) % GAMMA(24) ;
00 I=147 TN 1523
MOI)=M(1)%C1;
ALFACT)=M{T)*GAMMA(I); END;

/% SR SPECIES %/

Y21: IF CUNITS(25) <=0El THEN GO T3 Y22;
MI153)=ALFA(8) /(KT(127)*CAMMA{153));
M(154)=ALFA(IT)/(KT(128)%GAMMA(154)) 3
M{155)=ALFA(6)/(KT(129)%GAMMA(155)) ;
M{156)=ALFA(5)/{KT(130) *GAMMA(156)) 3
M(25)=SRTOT/(1EQO+GAMMA(25)%(M(153)+M(154)+M(155)+M(156)));
ALFA(25), Cl= M{25)%GAMMA(25);
6N I = 153 TU 1563
M(I)=M(1)%C1;

ALFALT)=M{T)%GAMMA(] ) ; END,

/% IN SPECIES  #/

Y22: IF CUNITS(26) <=CELl THEN GO TU Y23;
MOLST)I=ALFA(4)/(KT({131)*GAMMA(157));
MU158)=ALFA(4) %52/ (KT(132)*¥GAMMA(158) ) ;
M159) =ALFA(4) %3/ (KT{133)%GAMMA(159) ) ;
MILO6O)=ALFAL4) %54/ (KT (134)*GAMMA{ 160) ) ;
MUL6L)=ALFA(S)ZIKT(135) *GAMMA(L6L)) ;
M{26)=INTOT/ (LEO+GAMMA(26) % (M{157) +M(158)+M{159)+M(160) +M(161)))
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ALFA(26),CL=M{26)XGAMMA(26) ;

DO [=157 TO 161;

M(I)=M{I)*Cl;

ALFA(I)=M(I)*GAMMA(I); END;

/* AS SPECIES */

Y23: IF CUNITS(27) <=0E1 THEN GO TO Y24;
M{48)=KT(8)/ALFA(8)*GAMMA(48);
M{91)=TENPH/(KT(6T)*GAMMA(I9L1)});

IF ALFA{17) -~=CC1 THEN DO;

M(49)=(ALFA(L18)%%2%ALFA(8)%%4)/ (ALFA(17)%%2%GAMMA(49)); END;

M(92)=TENPH/ (KT (68)%*GAMMA(92));

M{93)=TENPH*%2/(KT(69)*GAMMA(93));

M(94)=TENPH%%3/(KT(TO)*GAMMA(94));

ND 1=92 TO 94

MOI)=M( 1) AM(49) % GAMMA(49) 3§ END3

M(27T)=ASTOT/( LEO+GAMMA{27)%(M(48)+M(91)+M{92)+M(TF3)+M(94)+

M(49)));

ALFA(27)4C1=M{2T7T)%GCAMMA(2T)

DO 1=48,49,91 TO 943

MII)=M(I)%C1;

ALFA(L)=M{[)*GAMMA(I); END;

/* SUMMATION OF ANIGN SPECIES %/

Y24: S1= M(6)+M(97)+M(50)+M(51)+M(54)+M(55)+M(119)+M(120)

FMU131)4M{13T)4M(138)+M(139)+M(154)+M(155);

S2=MIS)+M(4C) +2%M( 41 ) +M(46) +2%M( 4TI +M(53)+M{60) +M(69) +M(TTI+M(82)
+2%M(B83)4M(102)+M(108) +2%5M(1CI)+M(110)+2%M(111)+M(114)+
M{L115)+M(L118)+4M{123)+M(132)+4M{140)+M(141)+M(146)+M(151)+
M{156)+M{161)+2%M(152);

S3=M(29)4M(33)+2%M(34)+35M(35)+4%xM(36)+M(121)+M(95);

S4=M{28)+M{ST)+M(58)+M(59)+M(98) +M(99)+M(L116)+M(124)+M({125)+

M(126) +M{142)+M(145); ‘

SH5=M(&)+M(42)4+2%5M(43)+3%M (44 ) +4%M(45)+M{O6L)+2%M{H62)+3%XM(63)+M(H4)

F2EM(65)+34M(66) +4xM(E6T)+M(TOI+2EM(TL) +3XM(T2) +4%M(T3)4+M(T8)
+25M(T9)+3%5M(80) +4%M(BL)+M{104)+2%M(105)+3%M(106)+4%
MOLOT)+M(127)42%M(128)+3%xM(129) +4%M(130)+M(133)+2%M(134)
+M(136)+M(14T)+25M(14B)+3%M(149)+4%M(150) +M(157) +2%
M{1SB})+3&M(159)+4%M{160);
ANALCU3=CO2TIT-4E0%M(27)-3E0%M(28)~-M(37)-2E0%M(38)-4E0%M(39)-3¢0x%
M{48)-BEO&XM(49)=M(52)~M(56)~M(E68)=-M{T4)=2FC*M(T5)-M(T76)-M(84)
~2ECAM(B5)=3F0%M(86)~4FE0%M(87)~M(88)=2EL%M(89)=M{90)~3EC4M( 1)
~TEOAM(92)-6%M(93)~5E0%M(94)~2EQ0*M(98)-M(99)=M(10C)-2E0*%
MULOL)=M(102)-M{LLT7)-M{122)-M({144)-M{153);

/% LTE2ATION TESTS %/

RBIT='0'8;

IF S1-=> CEO THEN ANALCO3=0t03

ELSE IF ABS({S1-ANALCO3)>5E-3%xANALCO3 THEN D03

CO2TOT=.5E0%(M(6)+M(96)+M{9T7) )+ (1ECG+ANALCG3/S1)

RB[T=21'8; END;

58



IF S2-=0E0 THEN
IF ABS(S?2-SN4TOT)>5E-3%S04TOT THEN DO;
SO4ITR=SO4ITR=0,5%((S2-504TUT)/S2)%S041TK;
RRIT=t]1'8; END S
[F S3 ~=0EQ THEN
IF ABS(S3-FTOT)>5E-3%xFTOT THEN 003
M(29)=M(29)=0.5%((S3-FTOT)I/S3)4M(29) 3
RBIT=Y1'83 END;
[F S4-~=0£0 THEN
IF ARS(S4-PTUT)I>SE-3%pTAT THEN DU
PITP=PITA=0.5%((S54=PTUT)/S&)*P[ T2}
RRIT="1'R; ENDS
IF ABS(SS-CLTOAT)>SE=3%CLTOT THEN D03
MUG)=MI4)=0.5%((S5=CLTUT)/SS) %04 ;
RBIT=9190;  END;
PUT “DIT (ITER,SL-ANALCH34S2-SLa4TOTyS3=FTUT,S4=PTOT,55-CLTOT)
(SKIP,F(5)9E(2105) 44 E(2045));

/¥ ITFRATIUN MONITOR %/

IF ITER >100 THEN RARIT='0! Frng
/% PRINT OF INPUT x/
LONG=DATE;

PUT PAGE EDIT(CARD(1)*'DATE=")(A, X(9)'A)((SUBSTR(LQNG'N,?)y
D3 N=3,5),SUBSTP (LONG+1,2)) (A)3
PUT SKIP;
[F EMFISCE<9EQ THEN PUT EDIT('EMFZISCE=?,EMFZSCE)(X(5),A, F(lp 6));
IF  FLAG='PPM ' THEN PUT EDIT(*DATA IN PPM')I(X{(S5),A);
ELSE 1F FLAG='MG/L ' THEN PUT EDRIT(*DATA IN MG/L")IIX{5),A);
ELSE IF FLAG=*MOL/L* THEN PUT EDIT(*DATA IN MOLES/L'){X(5),A);
ELSE IF FLAG='MEQ/LY THEN PUT EDIT(*DATA IN MEQ/L¥)I(X(S5),A);
PUT EDIT(YANAL MEQ/L CAT=9%,1E3%EPMCAT,YANAL MEQ/L AN=',1E3%FFMAN)
(SKIPI1) A Fl1O094) 9 X(3)gAF(1044)); .
/% RECALCULATYION OF CATIUN-ANION BALANCE */
FPMCAT,EFPMAN=0EOQO;
D0 I=0 10O 1613
IF 7(1)>0 THEN FPMCAT—EPMCAT+Z([3*M111¢
FLSE EPMAN=FPMAM~Z(T)%M(I);
END3S
FPMCAT=EPMCATR(NENS-C3)
OMAN =FEPMAN (| ENS~-C3) 3
/% CALCULATION OF PCu? =/
- PCN2=0F03
IF ALFA(96)>UEQ THEN
PCU2=1E 1#*x{LUGLIO(ALFA(96))-2385.T73FE0/T-1.5264F~-2%T+14,0184E0+MU
¥(0e119-B.33C-4%TEMP+O.66F~6XTEMPXRX2) )
/7% PRPINT UF SOLUTE DATA x/
PUT FDITI'PHY g YEH Y, "Tr, TN STRENGTH', 'PCUZ2 ATMY, 02 TQT?Y,
*PPM (02 TOT*yPHyEHM,TEMP,MU,PCO2,C02T0T,,4.401F4%C02T0T)
(SKIP(3)yX{3)42(A3X{9))gApXI5)gAX(8)sAX{5)yAX(T)yiySKIP,
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FUO652) 9 X(2)3FUL1044) 9X(2)4F(By2)yX(2)4F(13,5)9X{2)4F(14,7),
X(2)1yF(13,6)9X(2),F(13,6))
{*CALC MEQ/L CAT','CALC MEQ/L AN',PAGE1(9),*'CO3CALC', PH20 ATMY',
YDENSITY',*TDS MG/L',1E3*%EPMCAT,1E3%EPMAN,AH20,M(97) ,PH20,DENS,
1E6%C3) (SKIP(2)3A3X{5) gAsX(6)3AsX(5),AsX{3)4AsX(2),4,
X(4) gy Ay SKIPyF(12,3)34X{T)F(LZ2,3}, ;
FU1144) 95 (1T94),2(F(944)),F(13,2)) . '
{PIUNYy YANAL PPMY,*CALC PPMY,*ANAL MG/L',*CALC MG/L?', *ANAL MOLAL'
s YCALC MOULAL?', "ALFA' ,SGAMMA','P TUN')ISKIP(2),X{8),A,X(9)
2 AR X(6) 44l AX{4)) JAsX(S)9A2(X(8),A));
PUT SKIP (2)
D0 I=¢ T 161;
IF ALFACTL)> OEN THEN Cl=-=LJGLO(ALFA{L));
FLSE CLl=0ED3
PUT SEIP EDIT(IPASELLL) yZUI)1{F(3)4X(2)4A(8),F(3));
IF CUNITS(E)>O0FEO & FLAG=*PPM v THEWN PUT EDITICUNITS(I))
(F{13,4)); :

cLSE IF CUNITS(I)>NEG & FLAG="MG/L ' THEN DUL 3

CU=CUNITS(I)/DENSS

PUT EDIT (CU) (F(13,4)); END;

S1=1E34#M{IVHGFW(TI)*{DENS-C3)/D.NSS

[F SI>08E0 THEN PUT FDIT(SL) (COL(30)+F(13,4));

IF CUNITS(I)>0EO & FLAG='MG/L ' THEN PUT ECITI(CUNITS(I))
(COLL43)yFL13,4)) 3 :

ELSZ IF CUNITS(I)>UEC & FLAG='PPM ' THEN DO 3

CU=CUNITS{I)%DENS;
PUT EDIT {(CU) (COL(43),F(1344)); END S
$2=S1%DENS;
IF S2>0E0 THEN PUT FDIT (S2) (COL{S56)4F(13,4));
[F ANALMII)ID>O0FEQ TH-N PUT EDIT (ANALMUINIICODLI69) yF (Y1 344))
IF MOE)> OEO THEN POUT EDIT (MUI)}) (CUOLCL2) 5 (13,4))3
IF ALFA(IIDNED THEN PUT EDIT (ALFALIMNICOLIIS),013,44)) 3
PUT EDIT (GAMMALI)) {(COL{10B)4F(12,46))3
IF CLI>0FE0 THEN PUTY E0IT (C1) (COLtI20),Fl11,4));
ENDS
/% .
R XA R AR R R R AN KR R AR AR A RARRE TR R EF KT A ek kR KRRk Rk

CALCULATION OF ION ACTIVITY PRODUCTS In TE2MS 07 puns ol ACTIVITY
PRODUCT (AP) OF A MINERQAL wWwHICH CUITATINS A SPECTES NOT GIVEN I ThHe
CHEMICAL ANALYSIS NF THE WATER SAMPLE wWILL BE '"3LAGK! JHUWSVER An
ARBITRARY VALUE MAY BZ ASSIGNED TO THE CONCENTRATION OF AMY DESIRED
SPECIES.  THE SPECIES APPEARING IN THE (AP) EQUATIOGKNS ARE O TUO 64349,
10,12 10O 18,20,22 TO 29,97,100.

& f e e e e d A o g e e e e ol e e e e o Ak o o ol sk e ol ol ool ko e ool el ek ok ok ko ok ok ok

*/
DO I=0 T3 29,97,100;
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IF ALFACI)ID0E0 THEN
ALFA{I)=LOGLOtALFA(]L));
FLSE ALFA{I)=-2F43 END;

/7% 1F YU DO NOT WANT PRINT OUT OF MOLE RATIOS,LOG OF ACTIVITY RATICS
»GAMMA CND2,BD0T,A & B THEN PUT RATIO=1 */

/%

IF RATIO=0 THFN DO;
PUT SKIP(S) EDIT (YMOLE RATIOS BASED ON ANALYTICAL MOLALITY!Y,
TCL/CAY,'CL/MG'"y'CL/NA '3 YCL/K','CL/AL?,
YCL/FE ' CL/ZSDGY y "CL/HCO3Y s YCA/MGY , 'SQRT(CA)/NAY)
[ASSKIP{2) 46 1X{8BY 3 Al o X{T)sAgXLE) g ASXIS)yAX(4),A) 3
J=1; DO 1=0914243,13,17,5;
IF ANALM(I)DUEQ THEN PUT EDIT (LLTOT/ZANALMII)) (COL{J)E(L13,4))3 -
J=J+135  FiD;
IF CU2TIT>0E0 THEN PUT EDIT(CLTOT/CO2TITI(COLII)»E(13,4))
[F ANALM{L1)>0EO THEN PUT EDIT (ANALM(O)/ANALM(1))
(COLULCS)sE(L1344))3
IF ANAULM({2)>0EQ THEN PUT EDIT(SQRT({ANALM(O))/ANALM(2))
(COL{118),E(13,4));
PUT SKIP({2) EDIT(*NH3/NAY,*LI/NA",*"K/NA*y*MG/CA',"SR/CA'y*BA/CA?Y,
YSO4/CLYy "HCO3/CL Y, *F/CLYy"B/CLY ) (101XI8),A))
IF ANALM{Z2)>0EQ THEN PUT SKIP EUDIT (ANALM(31)/ANALM{?),ANALM(2Y)/
ANALM(2) ) ANALM(3) /7ANALM(2))(X(2)43(E(L13,4)))3
IF ANALMIO)D>O0EQ THEN PUT EDIT (ANALM{L1)/ANALM{O),ANALM(25)/
ANALM(D) JANALM(14) /ANALM{OI)Y(3(E(1344)));
IF ANALM(4) >0EQ & CUZ2TIT>O0ED THEN PUT EDIT (ANALM(S)/CLTOT,
CO2TIT/CLTOT,FTINT/CLTOT, BTUT/CLTOT) (2(E(14,4))+92(E(L1244)));
PUT SKIP(2) EDIT{*LOG UF ACTIVITY RATIOS'y*'CA/H2Y,*MG/H2', *NA/H?
y "K/ZHY 3 YAL/H3 Y, "FE/H2 Yy '"CA/MG Yy "NA/K') (AZSKIP{2)4X(T7),8(A,
X(12)1);
Cl=-PH; J=1; =13,
DO I=0y142+3+13,175 C2=ALFAlL);
[F C1>-9ELS C2>-9E)1 THEN L0;
IF I=13 THEN C2=C2-3E0%Cl;
ELSE IF I=2) I=3 THEN C2=C2-Cl;
ELSE C2=C2~-2E0%C1l;
PUT EDITICZ2) (COLIJ)4FIN,4)); END3
IF I=0 THEN DO; J=143; N=163 FND3
FLSE J=J+16; END; :
IF ALFA(OID=-9FL1EALFA(1)D>=-9F]1 THEN PUT EDITIALFA{O)-ALFA(1)) {(COL
(7)Y yF(1644) )3 .
[F ALFA(?)ID>-9ELSALFA(3)>~-9E]1 THEN PUT EOIT(ALFA({?2)-ALFA(3))ICOL
(114),F(1644));
%% CALCULATIUN OF THE SUBSURFACE TEMPERATURF *SUBI' 0OF THE
SAMPLE FiOM THF CHEMICAL DAlA ok ok %/
SURTL,,5URT2,S5UNT3,5UBT4,SUBRTS,,SUBTE6,CMN,CAL,CA2=CED;
IF CUNITS(IL1)>0EC THEN DO3
IF FLAG='MG/L * THEN CO=CUNITS(11)/DENSS
ELSE IF FLAG='PPM * THEN CO=CUNITS{11):

61



SUBT1=1.309E3/(5.19€E0-L0G10(C0))-2T73.16E0Q;
SUBT2=1.522E3/(5.75E0-LUG10(C0O))-2T73.16E0Q3;
SUBT3=0.704E3/(4.45F0-L0OG10{C0O))-273.16E0; END;
IF ANALM{2)>0EO0 & ANALM(3)>0EO THEN
SUBT4=0.TT7E3/(0C. 47E0*LUGlO((ANALM(Z)/ANALM(3))3)‘273 16E0;
DO I 09213; \
IF ANALMUI)>CEO THEN
ANALMUI)I=LNGLO(ANALM(I)); END; ANALM(O0)=0.5%ANALM(O0);
IF ABSCANALM(O0))>050 & ABS(ANALM(2)}>0EC & ABSUANALMI{3))>0EO0
THEN D03 PUT EDIT ('LUGINA/K)+1/3LOG(SQRT(CA)/NA) =1,
ANALM{2)-ANALM(3)+(LEO/3E0) % { ANALM(O)~-ANALM(2)),
YLOG(NA/K)+4/3LOGISQRT(CA)/NA) =", ANALM(2)-ANALM{3)+{4EOQ/3EQ) %
{ANALM(O)-ANALMI(2))) (SKEIP(2)sApE(1092)4X(S5)sAE(10,3));
CAI=ANALM(Z2)~-ANALM{3)+(1EO/3EQ)*(ANALM(O)-ANALM(2))
CA2=ANALM(2)-ANALM(3)+(4EQ/3E0) *(ANALM(O)~-ANALM(2)); END3
IF ARS{CAL)>0E0 & ABS(CA2)>0E0 THEN DO
SUBTS=1,.656E3/(2.258E0+CA1)~-273.16E0;
SUBTH=1.656E3/{?2.258E0+CA2)~273.16E03; END;
PUT FOIT(*SUBSURFACE TEMPERATURE (0C) FROM CHEMICAL DATA',
YQTZ TEMP (CONDUCTIVE)=',SUBT1,'QTZ TEMP (ADIABATIC)=
SUBT2,'AM.STLICA TEMP="*,SUBT3,'LOGINA/K) TEMP=',SUBT4,
YLUGUINA/K)+L/3LUGI{SURT(CA)/NA) TEMP=',SUBTS,
YLOGINA/K)+4/3LOG(SORT(CA)/NA) TEMP=?*,SUBTSH)
(SKIP(3)sAsSKIP(2)sAsF{1051)eX{5)9A,F(10,1),
SKIP{L1)yAsF{10,1)+sX(5)0A,F(10,1),
SKIP{L) 4 A F{L1041)yX(5)9AF(10,1))3;
PUT FDILT {*IF THE SPRPING IS BOILING OR STEAM IS LOUST DURING®,

' RODUCTION THEN SELECT QT2 TeEMP ADIABATIC ELSE',
SELECT QTZ TEMP CONDUCTIVE',*'AM.SILICA TEMP SHOULD?',
BE CONSIDERED IF SAMPLE IS SATURATED WITH AMJSILICA?,
[.Fe IF CELG OF MINJNGL27S IS POSITIVF®,"NA/K TEMPY,
IS USEFUL IF CUNCe. UF CA IS LOwW (MURE DECS) VS AY,

YWSE --4/3L0G~~ TEMP IF <100 ELSEF USE--1/3- TEMP"
Y2FAD FOURNIER & TRUESDELL 19731')

(SKIP({2)43(A) SKIPy3(A)SKIP»2(A),SKIP,A,SKIP,A);

END3

/% ACTIVITY PRODUCTS OF PHASES ¥/
AP(138)=ALFA(2)+ALFA{18)+2EO0*ALFA(10) +4E0*PH=-250%LH20;
AP(139)=ALFA(L12)+ALFA(L1T7)-ALFA(18);
AP(140)=2FEO0%ALFA(L2)+ALFA(10GC)+PH;
AP(141)=ALFA(12)+ALFA(4)}
AP(142)=ALFA(3)+ALFA(13)43E0%ALFA(L10)+4EQ*PH-4EO%*LH203
AP(143)=2EN0*ALFA(C)+ALFA(L)+2EO*ALFA(1{)+6LC*PH-LH20;
AP(144)=ALFA(2)+ALFA(L13)+3E0*%ALFA(10)+4EO0*PH-4EO*LH20;
AP(145)=ALFA(2)+ALFA(13)43E0%ALFA(10)+4EO0*PH~4EO%LH203;
AP(146)=ALFA{3)+3ECXALFA(13)+2EC*ALFA{S)+6EC*ALFA(B]);
AP(147)=ALFA(2)+ALFA(13)+2E0*¥ALFA(10)+4EQ0%PH-LHZ03
AP(148)=2F0*ALFA(L3)+ALFA{10)+LH20+6EQ0%PH;
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AP(149)=ALFA(O) +ALFA(5);
AP(150)=ALFA(3)+3EC*ALFA(L1T7)+ALFA(13)+3E0*ALFA(10)+10EQ*PH}
AP({151)=5E0%ALFA(O)+3EC*ALFA(28)+ALFA{4);
AP(152)=5E0*%ALFA(O)+3EQ*ALFA(28)+ALFA(29);
AP(153)=SEO*ALFA(O)+3EO®ALFA(28)+ALFA(8);
AP(154)=ALFA(O)+ALFA(97)3

AP(155)=ALFA(14)+ALFA(5);

AP(1561=999.9E0;

AP(157)=ALFA({13)+2EC*LH20+3E0%*PH;
AP(158)=SEO*ALFA(15)+ALFA(L1B8)+4EO*ALFA(100)+4ED*PH;
AP{159)=ALFA(1)+2EO%ALFA(B);
AP{160)=ALFA(O)+ALFA(97);
AP(161)=ALFA(O)+2EO0*ALFA(4);
AP(162)=ALFA{O)+LH20+2EO0*PH;
AP(163)=ALFA(O)+2EC*ALFA(8);
AP(164)=ALFA(O)+ALFA(100)+PH;
AP(165)=ALFA(25)+ALFA(S);
AP(166)=ALFA{10)-2E0%LH203

AP(167)=SEO*ALFA(1)+2EO0*ALFA(13)+3E0*ALFA(10)+6F0*%LH20+16E0%PH3
AP(168)=ALFA(16)+ALFA(LO)+LH?20+2EQ0%PH;

AP(169)=3F0*ALFA(L1)+2F0*ALFA(LO)+LH20+6E0%PH;
AP(170)=ALFA(20)+ALFA(100)+PH;
AP(171)=ALFA(20)+ALFA(100)+PH;
AP(172)=ALFA(1)+ALFA(10)+2EO0*PH-LH20;
AP(1T73)=2EO0%ALFA(2)+2EO0*ALFA(13)+7EO*ALFA(10)+BEO*PH-4EO%*LH20;
AP(174)=2EO0*ALFA{13)}43EC*LH20+6EQ%PH;

AP{175)=ALFA{10)-2EO*LH20;

AP(LT6)=ALFA(10)-2E0*LH20;

AP{1T77)=ALFA(15)+ALFA(17)-ALFA(18);
AP(178)=2EO0%ALFA(15)+LH20+2EO0%PH;
AP(179)=2EO*ALFA{15)+ALFA(100)+PH;
AP{180)=S5EO*ALFA(16)+ALFA(17)+6EO*ALFA(100)+6E0%*PH;
AP(181)=ALFA{16)+ALFA(1T7)+2EQ*ALFA(L100)+2EO0*PH;

AP(182)= ALFA(16)+2EO*ALFA(17)+3E0*ALFA(100)+3F0*9Ho
AP(183)=ALFA(16)+LH20+2E0%*PH;
AP(184)=ALFA(16)+ALFA(100)+PH;
AP(185)=TEQO*XALFA(17)+8EO*ALFA(L10) +14EO0*PH~-8EO0*LH203
AP(186)=2EO0*ALFA(13)+2EQ0*ALFA(10)+LH20+6EQ*PH;
AP(187)=ALFA(O)+ALFA(1)+2ECXALFA(L10)+4E0*PH-2EO0%*LH20;
AP(188)=ALFA{O)+ALFA(L1)+2EQ0*ALFA(97);
AP(189)=ALFA(1)¢ALFA(10)+2EQ0%PH-LH20;
AP(190)=ALFA(O)+ALFA(2)+3EO0*ALFA(13)+9EO*ALFA(10)+]12E0*PH~-3EQ*

LH203
AP{191)=2EO0%ALFA(17)+ALFA(10)+4EQ*PH;
AP(192)=999.9E0;
AP(193)=ALFA(17)+2EO%ALFA(4)3
AP({194)=ALFA(18)+3EO0%ALFA(4};
AP({195)=ALFA{LT7)+ALFA(9T7);
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AP(196)=ALFA(17)+LH20+2EOQ0%*PH;
AP(197)=2E0*ALFA(18)+3EO0*LH20+6E0%PH;
AP(198)=2EO*ALFA(18)+3EO0*LH204+6E0%*PH;
AP(199)=2EO0*ALFA(18)+ALFA(17)44EQ0*LH20+8EQ%*PH;
AP({200)=ALFA{18)+3EOQO*ALFA{(8);
AP(201)=4EQO*ALFA(L17)+7EO*ALFA(100)+ALFA{5)-PH-4EO0*LH20;
AP(202)=ALFA(LT)+ALFA(L100) +PH;
AP(203)=ALFA(17)+ALFA(100)+PH;
AP{204)=2EO*ALFA(L1)+ALFA(10)44EC*PH;
AP(205)=ALFA(0)+2E0*ALFA(29);
AP(206)=ALFA{18)+2E0*LH20+3E0*PH;
AP(207)=ALFA(13)+3E0*ALFA(8)3
AP{208)=ALFA(13)+3E0*ALFA(8);
AP{209)=3E0*%ALFA(L17)+2EO0*ALFA(10)+LH20+6EQ%PH;
AP(210)= ?EO*ALFA(18)+ALFA(17)*4EO*ALFA(100)+4EO*PH.
AP(211)=ALFA(Q)+ALFA(S)+42EC*LH20;
AP(212)=ALFA(2)+ALFA(4);
AP1213)=2EO*ALFA(13)+2EO*ALFA(10) +LH20+6E0%*PH;
AP(214)=ALFA(O)+2EQO*ALFA(L13)+TEOQOXALFA(10) +8E0*PH-4EOQO*LH20;
AP({215)=ALFA(20)+LH204+2E0%PH;
AP{216)=ALFA(O)+3EO*ALFA(1)+4EO*ALFA(I37);
AP(217)=4EO%ALFA(L1)+3EC*ALFA(97)+2FE0XALFA(8)+3E0%LH203
AP(218)=.6F0%ALFA(3)+,25FE0%ALFA(1)+2.3E0%ALFA(13)43.5E0%ALFA(LD)+
BEO*PH-2E0%*LH20;
AP{219)1=2E0%ALFA(13)+2E0*ALFA{10)+LH20+6EN*PH;
AP{220)=ALFA(2)+11E0*ALFA{10)+PH-16.5E0%LH2();
AP(221)=2EO0*ALFA(13)+ALFA(10)+LH2U046ED*PH;
AP(222)=2EQ*ALFA(3) +LH20+2E0%PH;
AP(223)=2E0%ALFA(O)+ALFA{10)+4EO*PHS
AP(224)=ALFA(O)+2EC*ALFA(13)+4E0%ALFA(10) +8ENXPH;
AP(225)=ALFA(3)+ALFA(L13)42E0%ALFA(10 ) +4EL*PH-2EC*LH2C 5
AP(226)=ALFA(L1)+2EQ0*ALFA(3)+42E0*%ALFA(5)+4EQ0*LH20;
AP(22T7)=ALFA{2)+7EO*ALFA(10)+PH-9EO*LH20;
AP(228)=ALFA(1)+ALFA(97);
AP1229)=2EO0*ALFA(16)+ALFA{9T)+2EO0*ALFA(B);
AP(230)=4EO0*ALFA(2)+3EC*ALFA(13)+49EO0*ALFA(1Q)+ALFA(4)+1L2EQ*PH~
12E0%LH20;

AP(231)=4FE0*%ALFA(O)+6EQO*ALFA(13)+6F0*ALFA(LC)+ALFA(97)+24FE0%PH;
AP(232)=3E0%ALFA(O)+ALFA(1)+2EO*ALFA({10)+8c0%PH;
AP(233)=ALFA(1)+2EOQ0*ALFA{4) 3
AP(234)=ALFA(]1)+2EQ*XALFA(18)+4ECXLH20+8E0%PH;
AP(235)=ALFA(1)+LH20+2E0%PH;
AP{236)=ALFA{3)+ALFA(13)+3EO0*ALFA(10)+4E0*PH-4ECXLH20;
AP(237)=2EO0*%ALFA(2) +ALFA(S5)+10EQ0%xLH203
AP(238)=ALFA(22)+2EO0%ALFA({4);
APL1239)=ALFA{22)+ALFA(9T7);
AP(240)=ALFA{22)+LH20+2EC*PH;
AP(241)=2E0*ALFA(23)+2E0*LH20-ALFA(22)+4F0%PH;
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AP(242)=ALFA(22)+ALFA(100)+PH3

AP(243)=ALFA(O)+ALFA{1)+ALFA(10)+4EQ0%*PH;

AP(244)=.16TEO®ALFA(O)+2.33E0%ALFA(13)+3.6TFOXALFA(L10)+7.324%PH
~2.678E0%LH20;

AP{245)=.33E0%ALFA(3)+2.33E0%ALFA(13)+3.6TEOXALFA(L10)+T,.32E0%PH~-
2.68%LH20;

AP(246)=.16TEO*ALFA(1)+2.33E0%ALFA(13)+3.67EO0%ALFA(10)+7.32E0%PH
-2.678BEQ0%LH20; '

AP(24T7)=e33F0%ALFA{2)42.33F0%ALFA(L3)+3.6TEOXALFA(LO)+T.32E0%PH

~2.6T78E0%LH20;

AP(248)=999.9E0;

AP(249)=999,.9E03

AP(250)=ALFA(O)+2EO*ALFA(13)+10C0%ALFA(10)+8EO0*PH-9EO%LH20;

AP(251)=ALFA(3)+3EO0*ALFA(13)+3EC*ALFA{10)+10F0*PH;

AP(252)=2EO0%ALFA(2)+LH20+2E0%PH;

AP(253)=2E0%ALFA(2)+ALFA(5);

AP(254)=ALFA(2)+ALFA(6);

AP(255)=2E0%ALFA(2)+ALFA(97)+10EQ%LH20;

AP({256)=2E0%ALFA(2)+ALFA(9T)+LH20;

AP(257)=ALFA(2)+ALFA(L13)+ALFA(10) +4EQ%PH;

AP(258)=ALFA(1)+ALFA(97)+3E0*LH2U;

AP(259)=999,9E0;

AP(260)=999.9E0;

AP(261)=ALFA(24)+2E0%ALFA(4);

AP(262)=ALFA(24)+ALFAL9T);

AP(263)=ALFA{24)+LH204+2E0%PH;

AP(264)=ALFA({24)+LH20+2E0%PH;

AP(265)=ALFA({24) +ALFA(100)+PH;

AP(266)=ALFA(24)+ALFA(5);

AP(26T7)=uSFOXALFA(2}4+.5E0%ALFA(3)+ALFA(13)+3F0*%ALFA(10)+4EQ*PH

-3E0%LH20;
AP(268)=ALFA{3)+3E0*ALFA(L)+ALFA(13)+3E0%ALFA(10)+2EO*ALFA(29)
+8EO*PH-2E0*LH2U;

AP(269)=ALFA(O)+2EOXALFA(13)42EC0*ALFA(10)+8EQ*PH;
AP(270)=2E0*ALFA(O)+2EQ*ALFA(13)+3E0%ALFA(LO)+1CEO*PH}
AP(271)=2E0%ALFA(13)+4F0%ALFA{10)+6E0%PH~4EO%LH203
AP(272)=ALFA(10)-2EQ*LH20;
AP(273)=ALFA(3)+ALFA(L3) +3C0%ALFA{10) +4EQ*PH-4T O%XLH2D}
AP(2T74)=2EQ0%ALFA(L)+3F0%ALFA(LQ)+4F0*PH=2F0%LH20;
AP(275)=ALFA(10)-2E0%LH20U;

AP(?2T76)=ALFA(10)~-2E0%LH20;

AP(277)=2EQ%ALFA(13)+ALFA(LO) +LH20+6E0%PH3
AP(278)=ALFA( L) +2EO0*ALFA(13)+4E£0%LH2U+BEO*PH;
AP(279)=ALFA(?5)+ALFA(97);

AP(280)=ALFA(18)+ALFA(28)+2E0%LH20;

AP(281)=ALFA(3)+ALFA(4);

AP(282)=3E0%ALFA{1) +4EQXALFA(LD)+6EO%PH-4FUXl NP Ui;
AP(283)=2E0%ALFA(D)+SEO*ALFA(1)+8EO®ALFA(10)+14E0U%PH-8L0%LH203
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AP(284)=3FE0*ALFA(2)+ALFA(6)+ALFA(9T)+2EC*LH20;
AP(285)=ALFA{O) +2E0*ALFA(13)+4C0%ALFA(10)+BEO*PH-2EO0*LH20;
AP(286)=ALFA(14)+ALFA(97);
AP{28T7)=ALFACO)+ALFA{10)+2EO0*PH-LH20;
AP(288)=ALFAL26)+ALFA{9T )
AP(289)=ALFAL26)+LH20+2EO0*PH;
AP{290)=ALFAL26)+ALFA(100)+PH;
AP(291)=ALFA(26)+ALFA(5);
AP(292)=2E0%ALFA(O)+3E0%ALFA(13)+43E0*ALFA(L10)+LH20+13EO0%*PH;
AP(293)=3E0*%ALFA{1T)+2E0%ALFA(28)+8E0%LH20;
AP(294)=999,9E0;
AP(295)=999,9E0;
PUT PAGE EDIT (CARD(1)) (A)
(*PHASEY,7AP®, ¢ KT *,*L0G AP','LOG KT, 'AP/KTY L,'DELG?,
YLOG AP/KTY) ‘
(SKIP{2) 9 X{H) Ay X(8)sAsX(12)4AsX(9)3AsX(6)9AX(B)sAX(9),yA,
X(6)yA);
PUT SKIP (2);
DO I=137 70O 221,223 TO 295;
IF LOGKT(I) > 6.0E2 THEN LOGKT(I)=5.9999E1;
IF LOGKT{I) >-7.0E1 THEN DU;

KT(I) =1El%%(LOGKT(I)); END3 END;

C1,C2=0EO0;
DO I=138 YO0 295;
C2=AP(1);
PUT SKIP EDITUI PAGE2(TI)LUGKT(I)I(F(3),X(1)sA,COLUST) F(9,4));
[F KT(I)>0EC THEN PUT SKIP(O) EDITI(KT(I)) (COL(30),E(11,4));
IF KT(I)=0EC THEWN PUT SKIP{(O);
IF ABS{C2) <5F2 THEN DO3;
PUT EDIT (C2) (COL(45),F(944))3
IF LOGKT(I) ~=5.9999E1 THEN DU;
C1=C2-LOGKT(I)3
PUT EDIT (2.302585E0%R*T*C1,C1) (COL(85)4F(9+4),F(13,4))3 END;

IF ABS(C2)<75E0 THEN DO; C2=1E1%*%C2;

PUT SKIP(O) EDIT (C2) (COL(15),E(11,4))3

IF ABS{C2)>75E0 THEN PUT SKIP(O);
IF KT(I)>0E0 & LOGKT(I)~=5.9999E1 THEN PUT EDIT(C2/KT{I))

(COLI69),4,E(1244))3
END; END; END;

PUT SKIP(S) EDIT(*=xDUMMY VALUE FOR LOGKT=59.9990,kT=9,9T7T0E+59%%")

/%

(X{20),A); ‘
GO T0O START;
DECLARE STATEMENTS %/
DCL LONG CHAR{800) VAR,CARD(10) CHAR(80),FLAG CHAR(S5),TABLES
FIlL: (PAGEF1{0:161),PAGE21299)) CHAR{8),
(JsMIy Ty ITERSN,RATIO, INFORM ) FIXED BIN (31), RBIT
BIT(1),(Ay AH?20yDFENS,ANALCO3,LH209S04ITRyB4yC4C1C25C3,4 EHM,
EHMC,EMFZSCE, EPMAN,EPMCAT,F,CU,PITR ,CO3CALC ,MU,MUHALF,PCUO2,
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PHyCATOTMGTOT,NATOT,KTOT,CLTOT,SO4TOT,HCO3TOT,,SITOT,AGTOT,
ALTOT,,BATOT CUTOT,FETOT yHGTOT LITOTyMNTOT,,PBTUTSRTOT,,ZNTOT,
ASTOT,PTOT,FTQOTBTOTyNH3TOT,H2STOT,COZTIT CO2TOT,TENPHWR, Ty

TEMP 3519529534544 S554ALFA(0:2161)4M(02161),ANALM(O216L),
CUNITS(02:161)yGAMMA(Oz2161)yTK(11),LKT(299,11)) FLOAT(16),

(DHA(O:161)+GFW(02161),L0OGKT(299),KT{295),AP(1382295),
GAMACO2(0:3,10)46(0:3,10),TC02(10) yMNACLE,BDOT,BDAT(10),
SuUBT1,SUBT2,S5UBT3,SUBT4,SUBTS,SUBT6,C0,CAL,CA2,
GT14672+4GTM,PH20,PH20C1,PH20C2,L0G10PH20) FLOAT (16},
(Z10:161) FLAGLsFLAG2yFLAG3,FLAG4,,FLAGS) FIXED BIN(31);

EOF: END SOLMNEQ:
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